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INTRODUCTION 
The process of forming forage plant material into stable, 
compact units called wafers has been under study for several 
years by many investigators in industry and educational 
institutions throughout the world. The origin of the concept 
of pressing forage material into an autonomous unit free 
from any external restraint is not entirely clear, although 
it is accepted by most members of the agricultural engineering 
profession that Professor H. D. Bruhn of the University of 
Wisconsin initiated the first significant work in this area 
in 1952 (3, 8). 
As conceived by Bruhn (3) waferlng was considered to be 
an offshoot of the common practice of forming ground hay and 
grain into pellets by extrusion through a die with the 
addition of steam. In fact, Bruhn designated the units formed 
from long or chopped hay as pellets. It is now common practice 
to designate the units formed from ground material as pellets, 
while the units formed from long or chopped material greater 
than 3/8 inch in length, as wafers. The American Society of 
Agricultural Engineers' tentative recommendation R269(T) 
distinguishes between pellets and wafers as follows (12). 
Hay Pellet: Agglomerated ground forage in which the 
particle size Is generally less than 3/8-inch in length. 
Hay Wafer: Agglomerated unground forage which has some 
fibers equal to or greater than the length of the 
minimum crossection dimensions. 
2 
After some laboratory studies of wafer formation and 
some feeding trials with these new forage packages Bruhn 
stated: 
Preliminary tests indicate that it should be 
possible to field pellet (wafer) chopped forage in 
large pellets (wafers) with about double the power of 
baling. Thus such a machine is entirely within the 
realm of possibility both from the standpoint of power 
consumption and from the standpoint of producing a 
nutritionally satisfactory product for dairy cattle (2), 
The advantages occurring while transporting, handling, 
and feeding the concentrated material (wafers) spurred farm 
equipment manufacturers to investigate the possibilities of 
producing suitable field wafering machines and stirred into 
action other research workers in agricultural engineering. 
It was soon found that many facets concerning the wafering 
process were unknown and that a practical field wafering 
machine would not be realized for a number of years. 
In subsequent years many of the pertinent machine and 
process variables were investigated. Unfortunately no 
satisfactory explanation of the basic wafering process has 
been either formulated or proven. It is the purpose of the 
following section to elucidate the development of the 
mechanics and biomechanics of wafering, from the original 
concept to the present state. 
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DEVELOPMENT OF THE MECHANICS AND BIOMECHANICS OF WAPERING 
The parameters Influencing the formation of wafers may 
be divided into two major groups; process variables and pro­
perties of the material. Process variables are tied to the 
wafering method used, while properties of the material are 
specific to the forage crop or mixture wafered. Following is 
a list of these parameters. 
1. Process variables. 
.1 Extrusion process. 
.01 Die geometry. 
.02 Hold time in the die. 
.03 Temperature of the die. 
.04 Extrusion rate. 
.2 Compression in a closed end die. 
.01 Pressure applied. 
.02 Hold time in the die. 
.03 Temperature of the die. 
.04 Die geometry. 
.05 Rate of application of the wafering pressure. 
2. Properties of the material. 
.1 Quantity and distribution of moisture in the 
material. 
.2 Size and shape of the forage particles. 
.3 Particle size distribution. 
.4 Biochemical characteristics of the forage 
4 
material. 
.5 Mechanical properties of the forage material. 
Extrusion Process 
Although it could be surmised that the farm equipment 
manufacturers have studied the extrusion process for the 
formation of forage wafers, the literature review did not 
reveal any published information on the influence of the 
listed variables in the extrusion process. The results of 
tests with closed end die formation of wafers may be assumed 
to relate to the extrusion process in a general fashion, but 
the mechanics of the two processes are quite different, 
Bruhn a2. (4) extruded forage through an approximately 
four inch diameter tapered tube. They noted that: 
Alfalfa at 6 to 8 percent moisture is readily pelleted 
(wafered) in a closed end cylinder, while difficulty 
was experienced in this same range in making pellets 
(wafers) by forcing the forage through a tapered tube 
(extrusion type), especially where considerable brome-
grass was mixed with the alfalfa. 
They also observed that an alfalfa-bromegrass mixture forced 
through the tapered tube separated at cleavage planes between 
the individual charges of material and the free wafers 
expanded two to three times their original length after they 
were removed from the die. Small quantities of water sprayed 
on the material was stated to improve wafering qualities. 
In general they noted that: 
5 
Materials which are difficult to pellet (wafer) 
(in a closed die) seem to give much more trouble 
in the extrusion-type process of pelleting (wafering). 
•Shepperson and Grundey (27) attempted to extrude chopped 
hay through three different orifice plates but: 
At loads less than 20,000 pounds per square inch the 
die became plugged and feeding was difficult. 
They subsequently abandoned the study of this process for 
forming forage wafers. 
Several field wafering machines using the extrusion 
process have been built and marketed since 1958. Busse (5) 
summarizes and illustrates the following methods used for 
extrusion in field wafering machines. They are: 
1. Piston press 
2. Screw press 
3. Roller extrusion presses 
.1 Internal roller(s) with an external ring of 
radial dies 
.2 External rollers with a flat circular plate die 
.3 Mating external rollers with radially mounted 
dies 
At least one of the above methods is in current use on 
commercially available machines. 
Compression in a Closed End Die 
The primary goal of the wafer forming process is produc­
tion of a unit of material much denser and more stable than 
the original material. To this end the magnitude of the 
6 
pressure applied is directly related to the final density of 
a wafer. Mewes (21) in 1959 proposed the following pressure-
density relationship for forage materials. 
P = CY* (1) 
1 Y = material density in weight per unit volume 
p = axial pressure in the die 
m_,C = coefficients characteristic of the material 
Busse (5) stated that Equation 1 is valid for pressures up 
to 10 kg/cm^ (i42.5 psi) and that the following exponential 
function applies for pressures between 10 kg/cm^  and 200 
kg/cm^ (2850 psi). 
p = Ae^Y (2) 
A^B = coefficients characteristic of the material 
Beyond 200 kg/cm^ Busse claimed Equation 1 applies with 
different coefficients, until the material approaches the 
ultimate density of the water and organic material in the 
compression chamber. Beyond this point very high pressures 
are required to cause a significant change in the material 
densi ty. 
Both Mewes (20, 21) and Busse (5) applied Equations 1 
^In keeping with previous practice as shown in the 
literature on wafering, densities discussed throughout this 
dissertation are exclusively bulk densities, i.e. weight 
per unit volume. The adjective "bulk" has been dropped in 
the interest of simplifying the presentation. The meaning is 
thus carried by the dimension force (?) divided by the length 
cubed (L^). 
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and 2 to material confined in the compression chamber and did 
not specify a relationship between the final density of the 
material free from the constraint and the applied pressure. 
Butler and McColly (8), as a result of their work relating 
pressure and final density, stated that: 
Pellet (wafer) density was found to be linear with the 
logarithm of the pressure applied and.... 
p == I[]:ln(]P/T{r,) (:!) 
p = final pellet (wafer) density in lb/ft3 
P = applied axial pressure in psl 
= parameters characteristic of the material 
Equation 3 applies to a pressure range from 1000 psl to 5000 
pslj thus exceeding the range for this type of equation as 
proposed by Busse in Equation 2. In each of the three pre­
ceding equations properties of the material are represented 
by constants. 
The time that a forage material is subjected to a given 
level of pressure influences the final density of the wafer. 
Butler and McColly (8) examined the Influence of hold time 
at several pressure levels and showed that at a given 
pressure, density was linearly related to the logarithm of 
time. The slope of density versus the logarithm of time under , 
pressure was nearly the same for pressures ranging from 800 to 
4000 psl and for hold times from 1 to 20 seconds. For the 
data presented by Butler and McColly (8) the maximum slope 
was 7.7 Ib/ft^ change in wafer density per unit decade change 
8 
in time in seconds. This implies 7.7 Ib/ft^ change in wafer 
density from 1 to 10 seconds and that it would require a time 
change from 10 to 100 seconds to obtain an additional 7.7 
Ib/ft^ change in density., 
Bruhn et al, (4) wafered 36 percent (w.b.) alfalfa at 
4150 psi with hold times of 0, 120, 240, and 600 seconds and 
noted significant increases in density with the longer hold 
times. They also examined the time effect over an extended 
period after the wafers had been removed from the die and 
noted that: 
Pellets (wafers) made with the longer hold time tend to 
expand slightly more than those made with the shorter 
hold time, 
They concluded from this that the influence of hold time was 
slightly reduced as the wafer approached equilibrium after 
removal from the die. 
Pinal wafer density is rather arbitrarily defined since 
Shepperson and G-rundey (27) measured changes in wafer 
density over a period of 12 months. However, it was deter­
mined by Butler and McColly (8) that 30 minutes after the 
release of the wafer from the die the major portion of the 
expansion had occurred and any subsequent expansion would be 
insignificant. 
Investigators at the Kosch Company (I6, 17) have examined 
the role of temperature of the forage in relation to the 
pressure required to form a dense, durable wafer. They 
9 
discovered that increasing the temperature of alfalfa to 
212°F allowed them to form wafers of 57 Ib/ft^ density at 
500 psi as compared to a density of 37 Ib/ft^ with 70°F hay 
at the same pressure. These densities were only obtained 
for the alfalfa as it was held in the die. Their research 
also showed that it was necessary to hold the wafer under 
"moderate" pressure while it was cooled to 115°P to "obtain 
the greatest density". 
Reece (26) examined the influence of die and forage 
temperature upon the density and durability of wafers formed 
in a closed end die. Several combinations of forage and die 
temperatures were studied. 
Die Forage 
Ambient Ambient 
Ambient l4o°P 
Ambient l60°F 
300°P Ambient 
300°P l40°P 
Pressures were kept to a range of l400 to 2l6o psi. Elevated 
temperatures, both of the die and the forage resulted In a 
significant Increase in durability of the wafers but no 
significant change in the final densities of the alfalfa 
forage wafers, Moisture contents varied within the tests as 
much as 7 percent (w.b,). First and second cutting alfalfa 
samples were wafered in these experiments and It was noted that 
the high leaf content second cutting alfalfa produced the more 
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durable wafers. 
The geometry of a wafer formed in a particular die is a 
function of both the quantity of material placed in the die 
and the geometry of the die. Butler and McColly (8) studied 
wafer formation in several different diameters of dies with 
different quantities of material placed in the dies. Prom 
their tests with 1.50, 2.40, and 3.42 inch diameter chambers 
filled with 20, 40, 80, and l60 gram samples of 12 percent 
(w.b.) chopped alfalfa hay they found that the smallest 
diameter cylinder with the largest sample of hay produced the 
most dense wafers. A similar relationship was noted with 
long hay. It was stated that a small thickness of the wafer 
at each end lacks interlocking of the forage fibers, there­
fore it would be expected that the thin wafers would expand 
proportionately more than the longer wafers (6, 8). The 
larger diameter chambers were difficult to load uniformly and 
uneven pressure distribution and wedge shaped wafers resulted. 
Assuming hay to be an isotropic and homogeneous material, 
Mewes (21) with the aid of elasticity theory, developed the 
relationship between the pressure at the face of a piston 
moving axially in a cylindrical chamber and the pressure at 
any distance in front of the piston. Values of Poisson's 
ratio and coefficient of friction of the material on the 
cylinder walls had to be known in this analysis. It was 
shown that there is a significant reduction in axial pressure 
from the piston face to the end of the die. In all previous 
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work on wafering only the pressure at the face of the piston 
has been reported so the average pressure in a given wafer has 
been dependent upon the final formed length of the wafer in 
the die. 
In most cases, rate of loading of the wafer has not been 
reported although it can be concluded for all but one case 
that the loading rates and the deformation rates were not 
high enough to produce noticeable accelerations of the 
forage in the die. Busse (5) used a piston velocity of 
6 mm/sec (O.236 in/sec) but did not study the influence of 
piston velocity on wafer formation. Kosch _et aJ. (17) 
compared the pressure-density curves for compression in a 
closed end die with a slow moving piston and a piston moving 
at 1.0 in/sec. They found a noticeable reduction in pressure 
required to obtain a given density with a slow moving piston. 
These results are rather inconclusive since no numerical 
value was given for the slow piston velocity. 
Chancellor (9) studied the production of wafers with 
impact loads, ranging in peak values from 3000 to 13,000 psi 
and lasting from 0.5 to 18.O milliseconds. An air driven 
piston and special die chamber enabled him to evaluate the 
influence of piston weight, amount of energy applied, effect 
of wafer length and repeated blows upon the pressure-time 
traces. Some of his conclusions were: 
Wafer formation was not as efficient by impact loading 
as by static loading. 
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The maximum wafer density producible was less from im­
pact loading than from static loading. 
Moisture content and its distribution within the plant 
affected the response of the hay to impact loading. 
Properties of the Forage Material 
For a given pressure and hold time Butler and McColly 
(8) showed the logarithm of wafer density varies linearly with 
the percent moisture content of the material. If a 20 lb/ft3 
wafer density is a minimum wafer density desirable, their 
data indicated 26 percent (w.b.) moisture content to be the 
maximum allowable. Busse (5) arrived at a similar conclusion 
by developing a limiting pressure versus moisture content 
curve based on the density of the forage material exclusive 
of air, and the density of water. The limiting pressures for 
various moisture contents were determined from breakpoints of 
the pressure-density curves for various materials. He assumed 
the breakpoint was produced when all air was expelled from 
the mass of material in the compression chamber and thus the 
forage material and the water were being compressed. Busse 
set a working region for wafering at l6 to 27 percent 
moisture content (w.b.) for red clover and alfalfa, and l6 to 
22 percent for grass hay. 
Pickard ^  al. (24) related the pressure required to 
obtain a given density of wafer to the moisture content of 
the wafer. In general they noted an increase in pressure to 
obtain a given density for the higher moisture contents. 
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particularly for the densities greater than 4o Ib/ft^. They 
attributed the higher pressure required at the high moisture 
contents to the moisture trapped in the stems and thus their 
resistance to permanent flattening. 
For field wafering of hay it has been noted that the 
moisture content of the material in the windrow must be 
somewhat less than 20 percent (w.b.). Considerable variation 
in moisture content in the windrow occurs so the upper limit 
of satisfactory moisture content frequently occurs for a given 
wafer charge even though the average windrow moisture content 
is theoretically satisfactory for wafering. Distribution of 
water in the material is also important since, currently, field 
wafering is conducted with addition of small quantities of 
water to the forage as it enters the machine. 
Size and shape of the particles will influence both the 
final density and durability of the wafer. Several investi­
gators (8, 13, 27) have found that wafers made from long 
hay as compared to conventionally chopped or flail chopped 
hay are more durable when subjected to severe handling. 
Butler (7) made an interesting comparison between the initial 
geometry of shelled corn and hay and related their subse­
quent processing to pelleting and wafering respectively. 
He stated that shelled corn has a low length to diameter ratio 
and exposed surface per unit weight while long hay has high 
values for both these parameters. Before corn is mixed into 
a concentrate to be pelleted, it is ground to increase the 
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magnitude of the two parameters stated above and thus to 
facilitate the pelleting process. Butler (7) surmised that 
chopping hay may not either be desirable or necessary since 
this process is In direct opposition to the experience with 
pelleting ground concentrates. 
Pickard _et aJ.. (24) noted the characteristics of the 
stems and leaves in dense wafers were: 
1 Flat and completely crushed stems, 
2. The stems were sharply creased and the wafer was an 
interlaced mass. 
3. Individual plant cells were almost completely 
obliterated. 
Huang and Yoerger (l4) constructed a machine to destroy the 
structure of the stem by macerating it and showed a 
noticeable increase in wafer density. The difference was 
especially significant at a moisture content above 30 percent 
(w.b.). 
No published data on the Influence of particle size 
distribution was available to the best knowledge of the 
author. It has been observed that leafy hay tends to produce 
a better wafer (3) but no quantitative evaluation has been 
made. Peterson and Buchele^ made alfalfa leaf wafers in a 
closed end die in 1958. 
^Buchele, W. F., Ames, Iowa. Wafering of alfalfa 
leaves. Private communication. I966. 
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Mark (l8) stated that adhesion due to chemical Ingred­
ients plays a key role In waferlng. He further noted that 
natural binders are present In both grasses and legumes yet 
the latter wafer more readily. Obviously, different types 
of forages and different stages of maturity of a given forage 
species will have different chemical compositions and will 
enter into biochemical reactions in a different manner. 
Pickard _et aJ. (24) studied the influence of crop maturity 
on waferabllity and found young alfalfa produced denser 
wafers at a given pressure as compared to very mature 
alfalfa. They also studied the cohesion mechanism in waferlng 
and discovered with stacked stems: 
At 13$ moisture the stems showed almost no adhesion at 
pressures varying from 3,000 to 15,000 psl. Microscopic 
examination showed a few Isolated points of adhesion on 
the stem where protoplasm, which is high in adhesive 
protein and pectin, had oozed out at a break in the stem 
wall. 
At higher moisture contents they showed an increase In the 
flow of protoplasm and likewise an increase In adhesion 
between the stems. About 30 percent moisture content was 
required to obtain a considerable amount of adhesion. 
Butler (7) rated several materials in order of increasing 
difficulty of waferlng as; alfalfa, clover, bromegrass, oat 
straw and coastal bermudagrass. He also recognized a decrease 
in waferabllity as the ratio of grass to legume increased. 
As a result of waferlng several different kinds of forages 
(ryegrass clover mixture, ryegrass, lucerne, and permanent 
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pasture) Shepperson _et al. (27) concluded: 
It is apparent that final density is influenced more 
by crop type than by holding time 
Crop type appears to influence density more than 
pressure used, although the latter cannot be dis­
regarded. The indications seem to be that a reason­
able proportion of legume must be present and that a 
high leaf to stem ratio is essential for successful 
wafering. 
Plant constituents that might influence waferability 
have not been investigated but Holdren and Menear (13) 
presented the following thoughts. 
Plant substances which affect waferability are generally 
unknown. Lignin has been tagged the culprit, which (it) 
may be in part. According to plant physiology, lignin 
fills the holes and cracks among the cellulose fibers 
of the cell wall and makes the cell wall more rigid. 
It seems reasonable that increasing lignin contents due 
to-advancing maturity would cause increased resistance 
to compression. However, grasses can be obtained with 
as little or less lignin than legumes and are still not 
waferable. Therefore, another constituent may be 
involved. 
Perhaps cutin, the impermeable, waxy substance on the 
surface of epidermal tissue, plays a part in binding 
forage particles together. However, tentative searches 
of literature have revealed little about the amount of 
cutin on various parts of plants of various species and 
maturities. 
It was concluded from the preceding review that no 
notable attempt to correlate wafer formation with the chemical 
constituents of the forage has been published. 
Addition of binders to the wafered material was studied, 
by Butler and McColly (8). Bentonite and Ceredex No. 265 were 
found not to be effective in increasing wafer density but 
5 to 10 percent blackstrap molasses did produce some increase 
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in density. Young ^  aJ. (29) found (in a statistically 
designed, controlled experiment examining the influence of 
binding agents on the mechanical durability of various 
pelleted ground feeds) that over the whole experiment an 
average of 19 percent, 17 percent and l4 percent fines were 
produced in a model handling system respectively for control 
ration, soft phosphate binder ration and the bentonite binder 
ration. 
No direct attempts have been made to relate mechanical 
properties of individual particles of the wafered material to 
the wafer forming process. Pickard et al. (24) noted, however, 
an increased resiliency of high moisture alfalfa stems and, 
although considerable interlocking of the fibers occurred, he 
produced low final density wafers from such material. 
Resiliency of the stems was particularly important at moisture 
contents above 20 percent. Kosch _et aJ. (17) surmised that 
heat relaxes the forage fibers and thus reduces the pressure 
required to form a given density of wafer. 
Summary 
The state of knowledge of the mechanics of wafering of 
forages is probably best summarized by the words of Butler 
(7). 
Not enough is presently known about the physical 
properties of forage crops to explain the pelleting 
(wafering) action. 
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Also from the previous discussion it is obvious that 
there is insufficient knowledge of the influence of chemical 
constituents of the forage on the wafering process. 
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OBJECTIVES 
Throughout the development of the mechanics and "bio­
mechanics of waferlng of forages there has been concern about 
the Influence of the properties of the forage upon the 
waferlng process. However, quantitative chemical and mechan­
ical properties of the forage have not been established. 
Previous Investigators have reported properties of the forage 
material In such terms as "young" alfalfa, "mature" alfalfa, 
"permanent pasture", alfalfa In the pre-bud stage, and 
ryegrass; along with their respective moisture contents. 
These terms are entirely inadequate and do not relate any 
quantitative characteristics of the forage to waferlng. 
Since the success of a waferlng process hinges in a major 
part on the nature of the forage and no satisfactory relation­
ship between forage properties and the waferlng process had 
been obtained, the objectives of this study were: 
1. To identify the mechanical properties and character­
istic chemical constituents of the forage which have 
a significant effect on the formation of a wafer. 
2. To correlate through theory and experiments the 
mechanical properties and characteristic chemical 
constituents of the forage with the mechanics of 
wafer formation. 
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A THEORY OF WAPERING 
One measure of the success of the wafer forming process 
is the final or steady state density of the material since 
the quality of the wafer improves as the density increases. 
Three mechanisms have been proposed as influencing the final 
density of a wafer. As stated by Mark (l8) they are: 
1. Interlocking of fibers. 
2. Setting of the fibers by moisture^ heat and pressure 
3. Cohesion due to chemical ingredients. 
Mechanisms 1 and 2 are mechanical phenomena and their 
relation to a given density of wafer should be explained in 
terras of the mechanical properties of the forage. Mechanism 
3 is a chemical or biochemical phenomenon dependent not only 
on the ingredients of a forage but also upon the influence of 
pressure and temperature upon the biochemical reactions. 
Mechanical Aspects 
V 
Maximum density is determined by the respective 
densities of the forage and the water in the forage. An 
expression similar to that of Busse (5) establishes the 
maximum density for a forage. 
Yt % + 100 ^ 
Yij, = maximum density for any given moisture content of 
material, lbs/ft^ 
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= density of water, lbs/ft^ 
= density of the dired forage exclusive of air, 
lbs/ft3 
p = percent water in the forage 
The potential maximum density of a forage will be deter­
mined by the relative moisture content and the relative values 
© 
of the density of water and the forage dry matter. If the 
density of the forage dry matter is greater than that of water, 
the drier wafer would be more dense. Conversely if the 
density of the forage dry matter is less than that of water, 
the drier wafer would be less dense. 
A rheological model of a forage wafer 
Previous studies have shown a relationship between wafer 
density and time and magnitude of the force applied to the 
wafered material. Forming this relationship into a rheological 
model can give a better understanding of the behavior of the 
forage and leads to an expression relating the steady state 
strain of the wafer to the properties of the forage. 
Figure 1 illustrates a cylinder partially filled with 
forage in its natural state just prior to the application of 
force P. It is assumed that a specified weight of material 
has been placed in the cylinder of a fixed diameter so the 
density of the material in the cylinder will be a function of 
the deflection from the zero position of the piston. Thus, 
(5) 
ttD (L - 6) 
Figure 1. Uncompressed forage in a closed end die 
Figure 2. Hypothetical deflection-time curve for a 
forage in a closed end die 
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Y = density of the material, lbs/ft^ 
W = weight of the material In the cylinderj lbs 
D = diameter of the cylinder. In 
L = Initial height of the material In the cylinder. In 
5 = deflection of the material. In 
Load P Is assumed to be a function of time such that, 
P = F[u(t) - u(t - (6) 
P = magnitude of the applied load, lbs 
t = time, sec 
u(t), u(t - t^) = unit step functions^ 
Figure 2 Illustrates an assumed delfectlon-tlme curve 
for the material subjected to the loading function of Equation 
6. This curve is based upon the characteristics of the forage 
reported by Busse (5), Butler (7) and others (27), 
The Immediate deformation depicted by the portion of the 
curve from A to B Is due to an Irreversible failure and 
reorientation of the material particles, reduction of the pore 
or air space in the material, plus an elastic deformation of 
the material. The irreversible portion of this deformation 
partly establishes the magnitude of the final deformation of 
the unrestrained material at t = ». The portion of the 
curve from B to C describes the first order time response 
^Por the argument of the step function x < 0, u(x) = 0, 
X > 0, u(x) = 1. 
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of the system to a step input loading. It is possible that 
this deformation (B-C) is partially irreversible depending 
upon the mode of failure of the particles in the wafer and 
any subsequent chemical reactions causing adhesion of the 
particles within the material. 
With the sudden removal of the load there is an immediate 
elastic rebound of the material from C to D, followed by a 
time dependent expansion D-E where the final deflection 
is approached asymptotically as t approaches infinity. 
Substitution of into Equation 5 produces an expression for 
the final density of the material, assuming no lateral 
expansion of the wafer. 
A better understanding of the phenomena occurring within 
the forage which produces the type of curve of Figure 2 was 
obtained by considering an equivalent rheological model as 
shown in Figure 3. Element A of this model represents the 
irreversible crushing of the stems and reorientation of the 
material to eliminate pore space. the deflection of the 
system relative to the moving coordinate system 0^ is only a 
function of the load applied to the system. 
^1 " 1 + (E/F) 
C = coefficient for the material, in 
E = coefficient for the material, lbs 
F = magnitude of the applied force, lbs 
Equation 7ais based on the pressure displacement curves 
presented by Butler and McColly (8). Note that approaches 
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Figure 3. A hypothetical rheological model of forage being 
compressed in a closed end cylinder 
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c as F approaches infinity which implies that conditions exist 
within the material at very high pressures that prevent further 
irreversible failure of the material. This means that C is 
the maximum deflection at infinite load. If Equation 7a is 
rewritten on the basis of axial pressure applied to a cylinder 
of forage, the following results. 
^1 = 1 +^(E'/o-) 
2 fj = axial pressure applied to the forage, lbs/in 
E' = coefficient for the material, Ib/in^ 
The dimensions of E' can be energy per unit volume and may 
signify a characteristic amount of energy that may be 
dissipated by the forage during the wafering process. 
Equation 7b is not time dependent so the irreversible 
material failure that occurs for this element happens the 
instant the load is applied and is independent of the loading 
rate. Deflection A-B in Figure 2 is partially composed of 
this irreversible failure of the material. 
Elements and B of Figure 3 are representative of 
elastic and adhesive properties respectively of the forage, 
With the initial application of the load P, in addition to 
the deflection there also will be the deflection gg 
relative to the moving coordinate system Op. At the time of 
application of the load, element B is considered to have a 
zero resisting force. Therefore, 
P = (8%) 
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= equivalent spring rate, Ibs/ln 
gg = deflection relative to coordinate system 0^, In 
Adhesive forces are established during the time the 
material is under compression, under the assumption that the 
pectins and proteins within the forage react with the water 
to bind the particles of the material together. The existence 
of adhesion has been shown by Plckard _et al. (24) for alfalfa 
at moisture contents above 20 percent. The magnitude of the 
adhesive forces is a function of the amount of adhesive 
material available and the conditions favorable for the 
reaction of the adhesive materials to produce a bond between 
particles of the wafer. 
The sum of and gg is indicated by A-B on the curve 
of Figure 2. 
The time dependent deflection of the material is 
characterized by elements Kp and R. The differential equation 
describing gg relative to the fixed origin 0^ is as follows. 
Taking the Laplace transform of Equation 9 assuming zero 
initial conditions yields. 
P = KgSg + R d g^/dt (9)  
P = loading according to Equation 6 
1^2= equivalent spring rate, lbs/in 
R = linear damping coefficient, Ib-sec/in 
g^= deflection relative to origin 0^, in 
(10) 
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Solving for by the Inverse transform of Equation 10 after 
expansion "by partial fractions gives, 
, fg/t t ) 
63 =|- u(t)(l - e « ). |_ u(t-t^)(l - e « 1 ) (11) 
With and &g expressed in Equations 7a, 8aand 
11 respectively Siji was determined as follows. 
ôip = §1 + Ô2 63 (12) 
-K 
+ -T^+'^u(t)(l - e ^ ) 
:T - l+E/P ^  ^ Kg 
-Kg, 
™ -^(t-t, ) 
- u(t-t^)(l - e ) (13) 
Equation 13 describes the total deflection 0^ of the 
material for the applied load shown in Figure 1. Unfortunately 
6 coefficients are necessary to describe a given material's 
behavior in a compression cylinder. However, if the major 
interest is in the final deformation ô,p and the density of 
the material at some considerable time after the load is 
removed. Equation 13 reduces to, 
6^ = final deflection of the material, in 
= bonding or adhesive forces established in the 
material during loading, lbs 
With this model it still remains a problem to evaluate 
the four constants for any material formed into a wafer. 
^f = Vm/F + ET (14) 
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However this model does lead to a systematic approach to the 
study of the behavior of a forage formed into a wafer by 
compression. This model indicates one way the properties of 
the material can enter into the prediction of the final 
density of the forage. Three characteristics of the material 
are identified. 
1. Mode of fracture and reorientation of the material 
described by coefficients C and E. 
2. Bonding forces due to the adhesive action shown by 
I'b-
3. Elastic properties of the material described by 
and Kg. 
If Equation l4 is a suitable description of the mechanical 
behavior of the forage, the material can be investigated 
before wafering is attempted and waferability can be predicted 
from measurable properties of the forage. 
Since the initial length of the material in a cylinder 
is a difficult reference level to use for the study of the 
formation of the wafer by compressive forces, the ultimate 
density of a wafer illustrated by Equation 4 can be used with 
the geometry of the wafering chamber and the weight of the 
material in the chamber to calculate a hypothetical minimum 
wafer length in the die. 
= W/Y^A (15) 
= hypothetical minimum length of the wafer, in 
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¥ = weight of the material In the waferlng chamber, lbs 
Y,j = calculated maximum wafer density from Equation 4, 
Ibs/ln^ 
2 A = crossectlonal area of the waferlng chamber, in 
With as a reference point it Is possible to study the 
unit strain of the wafer during the unloading phase as a 
function of the four coefficients illustrated in Equation l4. 
However, it is necessary to replace Equation l4 with an 
equation based on unit strain. The strain of the wafer due 
to expansion reduces the density of the wafer. The final 
length plus wafer weight and crossectlonal area determine the 
final density of the product. 
The hypothetical minimum length, L^, is used as the 
basis for calculating the wafer strain of expansion after it 
is released from the die. From Equation 7a, C would be a 
hypothetical maximum The length would be obtained 
only with extremely high pressure so the expected amount of 
length greater than due to this element would be, 
- r C 
SEI ~ ^  " 1+E/P 
c (70 
" 1+F/E 
6e3_ = pseudo-expansion of the wafer, in 
For the second pair of elements B and of Figure 3 
P - Ft 
®E2 " (Si) 
ÔE2 = expansion of the wafer due to the Influence of 
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and B, in 
For the third expansion the following expression is 
established for a large time after the load is removed. 
^E3 " ) 
5^2 = expansion of the wafer due to element Kg 
Therefore, 
C , ^ - ^b , P . 
Set " l+P/E "'"Kg (16aJ-
= steady state wafer length minus in 
Equation l6a is rewritten on the basis of stresses and 
strains as follows 
e = unit strain of wafer expansion 
= unit permanent strain of the material due to 
consolidation and reorientation 
g = axial pressure applied to the wafer, lbs/in 
Q = energy capacity of the forage, in-lb/in^ 
^b 
'1 
p 
= adhesive pressure, lbs/in 
= elastic modulus for the element shown in 
Figure 3, lbs/in^ 
^2 = elastic modulus for the Kg element shown in 
Figure 3, lbs/in^ 
To maintain compatibility between Equations l6a and l6b it 
is necessary to base e and /\ on the length L^. 
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Each of the elements of Equation 16Td concerns a property 
of the forage. & is a measure of the toughness of the 
material. is related to the permanent set of the material, 
while measure elastic properties and concerns 
the magnitude of the chemically established binding pressure. 
The preceding discussion was not a rigorous analytical 
development of the behavior of forage in a compression cylinder 
but rather an analysis to provide a basis for formation of 
hypotheses to be tested by experimentation. In the next 
section the general procedure for the investigation of mode 
of fracture and reorientation of the material, the bonding 
forces within the material and the elastic properties of the 
forage is described, specifically as to the relation of these 
characteristics to Equation l6b, and to meet the objectives of 
this study. 
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GENERAL PROCEDURE 
Bonding or cohesive action and mechanical properties of 
the material were examined in relation to the wafering 
process. Procedures were set up to determine the relative 
influence of each of these parameters. 
Forage Constituents Indicative of the Adhesive Action 
The percent crude protein and a relative measure of 
soluble pectins were selected as measures of the cohesive 
properties. Blomquist (l) points out that several natural 
adhesives are commonly used as glues in commerce and industry. 
Among these adhesives he lists animal and vegetable proteins, 
and specifically lists soybean meal. Proteins make up a 
significant portion of most forages. Morrison (22) in a 
comprehensive appendix to his handbook on feeds and feeding 
lists crude protein, fat, fiber, nitrogen free extract, and 
mineral matter in the composition of forages and feeds. Wide 
variations in each of these major constituents are shown for 
a variety of forages. For dry roughages he shows a low of 
1.3 percent crude protein (dried Japanese sugar cane fodder 
on a dry matter basis) and a high of 26.6 percent (sweet 
clover leaves). 
It was assumed that the fat, mineral matter and fiber do 
not contribute significantly to the adhesive properties of 
the forage. However, constituents of the nitrogen free 
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extract probably do contribute to the binding of particles 
in the wafer.. Morrison (22) states: 
The nitrogen free extract includes the more soluble 
and therefore more valuable carbohydrates, such as 
starch, the sugars, the hemicelluloses, and the more 
soluble part of the celluloses and pentosans. 
Coupling this statement with the observation of Grisvoid and 
Rogers (ll) that the pectin content of plants may be as high 
as 20-30 percent of the total dry weight, it was concluded 
that pectins make up a large portion of the nitrogen free 
extract. Furthermore, Perry and Ward (lO) indicate the 
middle lamella between cell walls of a plant is formed of 
such pectic compounds as pectic acid, pectin, and protopectin, 
while calcium pectate forms the bonding material between 
adjoining cells. 
Mechanical Properties of the Forage 
The Theological model of Figure 3; Equations 4 and 14 
describe the macroscopic process of wafering in a closed end 
die. Observations of wafers formed from alfalfa stems led 
to the conclusion that the flexural properties of the stems 
partially determined the final wafer expansion and density. 
The leaves were assumed to provide little mechanical effect 
in the forage wafer, but provided the binding qualities 
because of their high protein and pectin. 
Because it was assumed that the primary mode of failure 
of the stems was in bending and because it was observed that 
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high moisture alfalfa stems in a wafer expanded much like 
an accordian after the pressure was released, bending tests 
were conducted on stem samples from the material wafered. 
Dimensional Analysis 
A dimensional analysis provided direction for a testing 
program and aided in the interpretation of the data. The 
following analysis was completed under the guidance of the 
relationships of Equations 4, ik, 15 and l6b for determining 
the pertinent variables. 
Pertinent variables 
Pertinent variables are listed in Table 1 in conventional 
variable groups. The method used in forming the forage 
wafer is shown schematically in Figure 1 and the parameters 
described in Table 1 are applicable only to that method. 
Parameters gg and used in describing the properties 
of the forage stems were obtained from a standard bending 
test (simply supported beam loaded at the center to failure). 
Operational variables included were time, size of the wafer 
charge, and the axially applied wafering pressure. 
General equation 
The relationship of axial wafer strain e to the 
remaining variables is symbolized as follows. 
e = ç(a,D,W,t^,t^,x,^,YT,Cg,Kg,eg,Eg,Pp^,Ppg,g,,Cp) (17) 
Application of the Buckingham Pi Theorem (23) and dimensional 
37 
analysis reduces Equation 17 to 13 dimensionless variable 
groups (tt terms). Exchange of mechanical and thermal energy-
occurs during the wafering process so for the consideration of 
thermal energy the additional dimension besides force (P), 
length (L)j and time (T) included was temperature (0). 
Dependent TT term 
^2 = e 
Independent TT terms 
^2 =D ^8 = eg 
^3 = 
^4 = 
Tr_ = 
:a 
¥ 
aD 
K 
s 
a 
E, 
"9 - n 
TT = p 
10 pr 
^11 ~ ^ pe 
^12 = ,"1,3 
TT, 
13 - gZ 
Table 1. Pertinent variables in the dimensional analysis of 
wafering in a closed end die 
Variable Description Units Dimensions 
Dependent 
Independent 
Geometry 
axial strain of the wafer in/in 
at a specified time t. 
a 
Table 1 (Continued) 
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Variable Description Units Dimensions 
D inside diameter of the 
wafer die 
in 
Forces 
cr axlally applied wafering 
pressure 
Properties of the material 
Yn 
K, 
E, 
r\ 
pr 
pe 
lb/in' 
lb/ft-density of the forage cal­
culated from Equation 4 
p 
maximum extreme fiber stress lb/in 
in a stem subjected to a 
standard bending test 
(modulus of rupture) 
secant modulus for the lb/in 
material in the forage stems 
maximum permanent strain of 
a forage stem subjected to a 
standard bending test 
energy dissipated by the stem In-lb/in^ 
per unit volume of material 
from the standard bending 
test 
pertinent forage particle 
geometry 
percent stems (by weight) in 
the forage 
percent crude protein by 
weight 
relative concentration of 
pectins in percent trans-
misslbility for a standard 
extraction procedure 
in 
FL' - 2  
FL -3 
FL' - 2  
FL - 2  
PL - 2  
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Table 1 (Continued) 
Variable Description Units Dimensions 
C specific heat of the forage btu/lb-Op 
1—1 1 CD C
VJ 
Operational variables 
t, time the wafer is held in 
the die under the pressure 
sec T 
time after release of the 
wafer from the die 
sec T 
g temperature of the wafer Op 0 
W weight of a single charge 
of material placed in the 
die 
lbs P 
Relating strain to the TT terms from the dimensional analysis 
gives, 
2 
a Zm JL 5 fs p p Mfii 
pe' 1,3' g2 ' e 
Equation l8 Is an extensive attempt to describe the 
behavior of forage when subjected to compressive pressures. 
Unfortunately the functional relationship unknown 
although elements similar to Equation l6b are recognized, e.g. 
e = e 
K. 
'8 *1 
a a 
fs E 
cr a 
4o 
In addition Ppp and are related to 
Although the behavior of the forage wafer has not been 
investigated previously in the form of a dimensional analysis, 
other investigators have established the relation of Y (the 
final wafer density) and E to some of the TT terms. Table 2 
is presented as a guide to the phenomena that have been 
investigated. 
Table 2. Summary of previous investigations 
TT term Description of the phenomena Investigators 
Jl 
D geometry of the forage particles (3,6,8,13,14,24,  27) 
^h the influence of hold time and time 
after the wafer is removed from the 
die 
(4,8,27) 
W die and wafer geometry (6,8)  
W pressure applied to the wafer (4,5,8,16,17,20,  
21,24) 
D2 
thermal effects on the forage (16,17,26) 
Although the Investigators did not express their results 
in relation to the tt terms stated in Table 2 their information 
can be related to the previously shown dimensional analysis. 
Moisture content is conspicuously absent from the list 
of variables in Table 1. However the effects of a variable 
4l 
moisture content are present In Its Influence on and on the 
properties K , Eg_, and . By leaving moisture content 
out of the list of variables means that the properties 
established in a standard bending test of stems are considered 
to be adequate to describe the behavior of the forage. For 
certain tests a set level of moisture content provided a 
means of fixing several mechanical properties of the material. 
Under the guidance of Equations l6b, and l8 the effects 
0-8 ^8 ^8 
of —, r\, — and — upon wafer density Y and 
a b ' pi pc (J 0-
strain e were investigated. 
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EXPERIMENTAL PROCEDURE 
Technique Used for Waferlng 
For ail tests, for an individual wafer, a forage sample 
with a prescribed history was weighed out on a Mettler Model 
K7T balance. The forage was then loaded into the cylinder 
shown in Figure 4 with the aid of a funnel and loading ram. 
Figure 5 illustrates the loading process and also shows the 
recessed cylinder cap. 
A hydraulic press powered by an Owatonna Tool Company 
model Y-26 "Vangaurd" hydraulic pump was used to compress 
the forage. The press and associated accessory equipment are 
shown in Figure 7. Figure 6 illustrates the hydraulic and 
electrical circuits for the system. A strain gage load cell 
(Figure "J, position 1 ) with a Budd Model P-350 strain 
indicator (Figure 7, position 9) was used to indicate the load 
placed on the wafer, A consistent procedure for forming the 
wafers was : 
1. The loaded cylindrical die and die cap assembly were 
placed in position in the press. 
2. Valve A (Figure 6) was closed and a foot operated 
control switch B were closed in that order. 
3. Pressure regulating valve C and pressure operated 
electrical switch D were preset to the predetermined 
4000 psi wafering pressure (Figure 6). 
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4. Timing of the hold time started as soon as the 
hydraulic motor was shut off by the pressure control 
switch. A 15 second hold time was used for all tests. 
5. During the 15 second hold period hand pump E was used 
to maintain the 4000 psi wafering pressure. 
6. A dial indicator (Federal Model D8iS) was used to 
record the final length of the wafer in the die after 
the 15 second hold period (Figure J, position 2). 
7. The pressure was released at the end of the 15 second 
hold period and the hollow cylinder shown in Figure 5 
(hereafter referred to as the release chamber) was 
placed on the end of the cylinder and the piston was 
used to force the wafer into the release chamber. 
8. Immediately upon removal of the wafer from the die 
the length was measured using the Rinck-Mcllwaine 
valve spring tester as a measuring fixture (Figure 8). 
Length was measured to the nearest 0.01 inch on a 
steel scale graduated in 0.01 inch intervals. 
9. The wafer was allowed to expand without constraint 
for at least 30 minutes and then the length was 
measured again. 
10. For each wafer an identification code, weight of 
wafer, length in the die after the 15 second hold 
period, length of the wafer immediately after removal 
from the die, and length of the wafer after the 30 
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-rî'--: tr 
b:<A'-;>4fei'Î5-îa.-,¥r-, : ' 
Figure 4. Die and die loading equipment 
Loading funnel (l), cylindrical die (2) and 
loading ram (3) 
Figure 5. Die loading process, die cap, and release chamber 
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a) 
b) 
Figure 6. Hydraulic and electrical circuits for the wafering 
press, a) Hydraulic circuit Td) Electrical control 
circuit. The numbers refer to the positions in 
Figure 7 
Figure Y. Hydraulic press with a loaded die In position 
* for forming a wafer 
Figure 8, The Rinck-Mcllwalne valve spring tester used 
as a length measuring fixture 
46b 
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minute expansion period were recorded on an IBM 
Fortran coding form. 
A 4000 psi pressure was used in all tests because earlier 
investigators had shown that pressures in the 4000 to 6000 psi 
range formed suitably dense wafers at moisture contents less 
than 25 percent. Variation in pressure during the hold time 
was within a maximum variation of ± 6o psi or ± 1.5 percent of 
the wafering pressure. 
Protein Analysis 
Analyses of protein content of the wafered material were 
made by Doty Laboratories Corporation, Omaha, Nebraska. Wafer 
samples were dried, ground through a 1 mm diameter screen and 
sent to the above laboratory for analysis. 
Pectin Determinations 
According to Kertesz (15) polygalacturonic acid is the 
basic skeleton of all pectic substances and the polyuronides 
are mostly cmiposed of anhydrogalacturonic acids. In view of 
this McCready and McComb (19) developed a procedure for 
determining the total pectic substances as anhydrouronic acid. 
McCready and McComb's procedure as outlined below was 
slightly modified and applied to the determination of the 
concentration of anhydrouronic acid in the wafered forage 
samples. 
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Reagents 
Versene solution. (Nutritional Biochemical Corp., 
Cleveland, Ohio). 
Pectinol. (Rohm and Haas, Philadelphia, Pennsylvania). 
Ethyl alcohol. Reagent grade. 
Carbozole reagent. 0.150 grams of reagent grade 
carbozole was dissolved in 100 ml 
of ethyl alcohol. (E. H. Sargent 
and Co., Chicago, Illinois). 
Galacturonic acid. Reagent grade. (Calbiochem, Los 
Angeles, California). 
Sulfuric acid. Reagent grade. 
Acetic acid. Reagent grade. 
Extraction of the pectic materials 
A 3.0 gram sample of the forage was extracted with 100 ml 
of 70 percent alcohol to remove the sugars. Following this a 
1.0 gram sample of the dried extracted material moistened with 
95 percent ethyl alcohol was placed in a 250 ml prescription 
bottle. The divalent cations were sequestered with 200 ml of 
0.5 percent versene solution and the pH was adjusted to 11.5 
using pH paper. The mixture was held at 37°C for 30 minutes 
and then acidified to pH 5.0 to 5.5 with acetic acid. 
Pectinol (O.l gram) was added and then the solution was 
agitated for about 1 hour, diluted to 25O ml and filtered. 
The filtrate was diluted 1:10 and 1.0 ml aliquots were taken 
for analysis. 
49 
Colorometrlc determination 
Six milliliters of concentrated sulfuric acid was 
measured into a 25 X 200 mm culture tube, the tube and 
contents were cooled to 3°C and a 1 ml aliquot of sample 
solution was added. The contents were mixed thoroughly, 
heated for 10 minutes in a boiling water bath and cooled to 
about 20°C. One milliliter of 0.15 percent carbozole reagent 
was added and the contents mixed and allowed to stand for 
25 ± 5 minutes at room temperature. Optical density was 
determined with a Bausch and Lomb Spectronic 20 colorimeter 
(Type 33-29-61-64). Percent transmission of a 520mu wave 
length light was determined. A standard curve was used to 
relate transmissibility to concentration of anhydrouronic 
acid. (See Figure 9). 
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Figure 9. Standard curve for pectin determinations 
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STEM EXPERIMENT - CHOPPED ALFALFA 
The previous analysis assumed that percent stems was an 
important factor in.wafer expansion. Thus this experiment was 
designed to examine the influence of t] at a given level of the 
other TT terms and also to investigate the influence of r\ when 
the TT terms involving properties of the material were changed 
"by the change of moisture content. Table 3 illustrates 
pertinent values used in this experiment. 
Table 3. Values of the parameters in the stem experiment 
with chopped alfalfa 
Variable or TT terra Description or levels 
X 
D 
2h 
ta 
Characteristic length of the stems 
» 2 
0.00833 
(6.49, 7.23, 8.17) X lO'G 
0, 25, 50, 75, 100 
P 2  0 ,  ~ 1.10 X 10^  
W 
ctD^ 
Tl 
2 
D 
°'s ^s ^s ¥ 
. —, Eg, a a a 
q Controlled by moisture content at 
YmD-^ the levels of 5, 15, and 2^% (w.b.) 
P , P Not controlled px pe 
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Procedure 
A 3 X 5 factorial experiment in a randomized complete 
block design was set up according to the following statistical 
model where 3 levels of moisture and 5 levels of stems were 
e::amined. 
^Ijkl = H + Pi + Pj + "'k + + Gijk + ëijkl 
1 = 1, 2 . . . 5  
j = 1,2...5 
k = 1,2,3 
1 = 1,2 
^Ijkl ~ dependent variable 
jj = overall experiment mean 
PJ_ = ith block effect 
Pj = jth. stem effect 
= kth moisture content effect 
pmj^ = stem by moisture content interaction 
^Ijk ~ experimental error 
^ijkl sampling error 
First cutting alfalfa in the 1/10 bloom stage was 
harvested from a series of plots set up for a leaf stripping 
experiment.^ A mechanical leaf harvester removed the leaves 
from the standing alfalfa and then a flail forage harvester 
, ^Ayres, G. A., Ames, Iowa. Leaf stripping plots. 
Private Communication. 1965. 
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was used to collect the stems. Approximately 1000 grams of 
stems and leaves were collected from each of five different 
plots to make up the five replications for the experiment. 
The stems and leaves were oven dried at approximately 
160° for 24-36 hours. Following oven drying the leaves and 
stems were mixed in 5 proportions to obtain the variations in 
stem level. Table 4 shows the proportions of leaves and stems. 
Table 4. Leaf and stem quantities for the 5 stem levels 
Level Leaves, grams dry matter Stems, grams dry matter 
1 175.0 0.0 
2 131.2 43.8 
3 87.5 87.5 
4 43.8 131.2 
5 0.0 175.0 
The 175 gram samples for the 5 levels of stems were 
thoroughly mixed where appropriate and three 50 gram samples 
were prepared from the total 175 gram batch by weighing out 
this quantity on the Mettler balance and placing the material 
in a polyethylene bag. The three 50 gram samples were brought 
to nominal 5j 15^ and 25 percent moisture contents by 
respectively adding 2.6, 8.8, and I6.6 ml of water with 
appropriate pipettes. Storage of the I5 sealed plastic bags 
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per replication for 48 or more hours allowed the water to 
move throughout the material such that a uniform moisture 
distribution was obtained. 
Each replication was wafered in a block where the 15 
treatment combinations were wafered in a random sequence. 
Charge size for each wafer for each moisture content was 
determined so that each charge nominally contained 17.4 grams 
of dry matter. The charge weights for the three moisture 
contents were: 
1. 5^ moisture, 23.2 grams. 
2. 15^ moisture, 20.5 grams. 
3. 25^ moisture, 18.3 grams. 
True moisture content for the two wafers formed for each 
replication and treatment was determined by weighing the two 
wafers immediately after forming and again after oven drying 
at l60°P for at least 48 hours. 
The moisture content treatment effect on the protein and 
pectin analyses was checked by making determinations on all 15 
treatments for one replication. For the other four replica­
tions protein and pectin analyses were made on a homogeneous 
sample from all the material at each stem level. 
Figure 10 and Table 5 illustrate the type of data 
collected. 
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Table 5. Key to the data sheet shown in Figure 10 
Column numbers Symbol Description of data 
1 p Replication number 
3-5 ri Identification of the stem level 
7-8 m Nominal moisture content in 
percent (w.b.) 
11-15 W Nominal wafer charge, grams 
16-20 Ln Length of the wafer in the die just 
prior to release, in 
21-25 Lp Length of the wafer immediately 
after release from the die, in 
26-30 L3 Length of the wafer 30 minutes 
after release from the die, in 
31-35 W. Weight of two wafers before 
^ drying, grams 
36-40 Weight of two wafers after drying, 
grams 
41-45 L Length of the wafer made in the 
reference density test, in 
46-50 Percent protein 
51-55 P Relative pectin level, percent 
^ transmissibility @ 520 m^ 
Analysis of Data 
The following calculations were programmed for the IBM 
360/50 digital computer. 
1. Moisture content 
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Figure 10, Sample of data sheet for the stem experiment with 
chopped alfalfa 
I 2 3 
Figure 11, Piston, die and release chamber used in the 
reference dry matter density test 
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w - w 
m = -\r X 100 
W. 
2. Gross density of the wafer In the die^ 
4 W K 
ttD^L^ 
Yii = gross density of the wafer, lbs/ft^ 
D = 1.250 in. Inside diameter of the die 
Because of the different units used in recording the 
data, is included to provide the required equality of 
units 
Combining all constants Into a single value C gave, 
¥ C 
Y — 2 
^11 -
= 3.10435/ln 2 
3. Dry matter density of the wafer in the die 
y 
^21 \l 
^21 ~ matter density of the wafer in the die, 
lbs/ft^ 
4. Axial wafer strains based on the length in the die 
The first subscript number refers to; 1, gross wafer 
density; and 2, dry matter density. The second subscript 
refers to location of the wafer; 1, in the die; 2, as released 
from the die; 3, final density or density after 30 minutes of 
expansion. 
For the strains of the wafers the first subscript indi­
cates the basis for computing strain; 1, length in the die; 
2, dry matter length in the die; and 3, the length obtained 
from a reference density test. 
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Lg -
'12 ^  h 
e^2 axial wafer strain immediately after release 
from the die, in/in 
L3 • ^1 
®13 " 
e^2 = axial wafer strain after expanding for 30 
minutes, in/in 
5. Axial wafer strains based on the dry matter length 
in the die. 
A length of wafer equivalent to the amount of moisture 
in the wafer was subtracted from the gross length of the 
wafer in the die to form a new base for calculation of axial 
wafer strain. 
W m 
\ ~ ÏÔÔ" 
= equivalent length of the wafer due to water, in 
= 0.0497492 in/gm 
(Density of water, 62.4 lbs/ft^). 
Lg -
022 = axial wafer strain immediately after release from 
the die (dry matter length base), in/in 
^3 " '^1 
ego = axial wafer strain after expanding 30 minutes 
(dry matter length base), in/in 
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5. Wafer strain based on a reference dry matter density 
of the forage. 
Exclusive of air and water the forage has a dry matter 
density characteristic of the particular material. Several 
attempts to obtain dry matter density by specific gravity 
determinations failed because of the solubility of the 
forage. Therefore a reference density test was devised that 
gave relative values of dry matter density. 
Samples of the forage were dried to zero moisture content 
and ground through a 1 mm screen. A three gram sample was 
placed in a 0.625 inch diameter die and subjected to an 
axial pressure of 16,000 psi by a 0.620 inch diameter piston. 
(Figure 7 shows the press and Figure 11 illustrates the die 
and piston used for this test.) Figure 12 shows that the 
change in sample length with increased axial pressure was 
small around l6,000 psi. Although there was still change in 
the length indicating the ultimate density of the material 
had not been reached, the dry matter density at 16,000 psi 
was used as a reference point. 
Y 
= reference dry matter density of the material, 
lbs/ft^ 
Cg = constant determined from die geometry and sample 
size, Ib-in/ft^ 
Cg = 37.252 lb-in/ft3 
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Figure 12. Length change with pressure for the reference 
matter density test 
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Equation 4 was used to calculate the density of the 
mixture of water and forage for the various wafers formed. 
Y - Y 
T ~ M 100 
^u = ^  ^o 
= a pseudo-minimum length of the wafer based on the 
density of the forage and water mixture (Y^)^ in 
The axial wafer strains were calculated as follows. 
Li - ^  
-31 
Sqi = pseudo axial wafer strain in the die, in/in 
^ 1-2 - \ 
= axial wafer strain immediately after release 
from the die (reference density base), in/in 
'33 -
= axial wafer strain after expanding for 30 minutes 
(reference density base), in/in 
Statistical Analysis 
Calculated values for the two wafer samples were 
averaged and these data were used in the analysis of 
variance (AOV) for the experiment which was computed at the 
Iowa State University Computation Center in accordance with 
the statistical model of Equation 19. Results of these 
computations are summarized in Tables 6 through 13. Several 
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Table 6. Analysis of variance - gross density in the die, 
Yii - chopped alfalfa 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic 1% level 
Blocks 4 625.69 156.42 6.64** 3.68 
Stems (S) 4 71.96 17.99 .77 3.68 
Moisture (M) 2 2585.51 1292.76 54.91** 5.01 
8 X M 8 182.12 22.76 .94 2.85 
Error 56 1318.36 23.54 
Total 74 4783.64 
Least significant difference = 5 
CO 
^^Significance at the 1 percent level or better is 
Indicated by the double asterisk in all AOV tables. 
Table 7. Analysis of variance - dry matter density, in the 
die, Y2]_ " chopped alfalfa 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic 1% level 
Blocks 4 290.95 72 .74 4.26** 3.68 
Stems (S) 4 95.63 23 .91 1.40 3.68 
Moisture (M) 2 1043.10 521 .55 30.57** 5.01 
S X M 8 137.76 17 .22 1.01 2.85 
Error 56 955.28 
Total 74 2522.72 
Least significant difference = 4.930 
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dependent variables were used to describe the behavior of 
the wafer at various stages of time and treatment. 
Tables 6 and 7 show that gross and dry matter densities 
In the die were significantly affected by blocks and the 
moisture treatment. Slight variations in the equilibrium 
moisture content of the material in the sealed plastic bags 
from block to block accounted for the significance of the 
block effect. Equation 4 shows why a difference in moisture 
content produced significant differences In gross and dry 
matter densities in the die. 
Tables 8-13 show AOV's for wafer strains on the basis 
of three different reference lengths; length in the die, 
dry matter length in the die, and a length based on the 
reference density of the forage, Yjyj. In all instances percent 
stems, <|-|, moisture content, m, and the interaction of stems 
and moisture were significant at the 1 percent or less level. 
The different reference lengths are equally valid for 
statistical comparisons but a length determined from the 
reference density was subsequently used because it is 
characteristic of the material rather than of the way the 
wafer is formed. 
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Table 8, Analysis of variance - axial wafer strain as 
released, e-, o - die length base, L-, - chopped 
alfalfa 
Source Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
P 
statistic 
Tabular P 
Vfo level 
Blocks 4 .3221 .0805 1.68 3.68 
Steins (S) 4 3.8926 .9731 20.30** 3.68 
Moisture (M) 2 4.6436 2.3218 48.44** 5.01 
8 X M 8 1.7781 .2223 4.64 2.85 
Error 56 2.6842 .0479 
Total 74 13.3206 
Least significant difference = . 261 
Table 9. Analysis of variance -
expanding 30 minutes, 
chopped alfalfa 
axial wafer strain after 
- die length base, L^ -
Source Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
P 
statistic 
Tabular P 
vfo level 
Blocks 4 1.221 .305 2 .46 3.68 
Stems (S) 4 11.065 2.766 22 .27** 3.68 
Moisture (M) 2 15.031 7.515 60 .50** 5.01 
S X M 8 5.704 .713 5 .74** 2.85 
Error 56 6.956 .124 
Total 74 35.4382 
Least significant difference = .420 
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Table 10. Analysis of variance - axial wafer strain as 
released, gpo - dry matter length base - chopped 
alfalfa 
Source Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
F 
statistic 
Tabular F 
Xfo level 
Blocks 4 1.0401 .2600 2.4l 3.68 
Stems (S) 4 7.8472 1.9618 18.22** 3.68 
Moisture (M) 2 16.0179 8.0090 74.36** 5.01 
S X M 8 4.5018 .5627 5.23** 2.85 
Error 56 6.0312 .1077 
Total 74 35.4382 
Least significant difference = . 392 
Table 11. Analysis of variance 
expanding 30 minutes, 
chopped alfalfa 
- axial wafer strain after 
022 - dry matter length base -
Source Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
F 
statistic 
Tabular F 
Vfo level 
Blocks 4 3.531 
00 00 CO 
2 .92 3.68 
Stems (S) 4 22.589 5.647 18 .70** 3.68 
Moisture (M) 2 47.272 23.636 78 .28** 5.01 
S X M 8 14.444 1.806 5 .98** 2.85 
Error 56 16.908 .302 
Total 74 104.744 
Least significant difference = .656 
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Table 12. Analysis of variance - axial wafer strain as 
released, eon - reference density base - chopped 
alfalfa 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 • .0107 .0027 .113 3.68 
Stems (S) 4 2.4260 .6065 25.68** 3.68 
Moisture (M) 2 1.5548 .7774 32.92** 5.01 
8 X M _ 8 1.1801 .1475 6.25** 2.85 
Error 56 1.3224 .0236 
Total 74 6.4940 
Least significant difference = VJ
l 00
 
0
 
Table 13. Analysis of variance - axial wafer strain after 
expanding 30 minutes, goo - reference density 
base - chopped alfalfa 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 .152 0
 
uo
 
00
 
.59 3.68 
Stems (S) 4 7.113 1.778 27.46** 3.68 
Moisture (M) 2 6.491 3.246 50.13** 5.01 
S X M 8 3.492 .436 6.74** 2.85 
Error 56 3.626 .065 
Total 74 20.874 
Least significant difference = .307 
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Results and Discussion 
Treatment means averaged over the five replications are 
shown in Tables l4, 15 and l6. Precise values of percent 
stems were obtained by weighing stems and leaves but there 
were slight variations from treatment to treatment in the 
moisture content because some of the moisture collected on 
the bag. Table l4 indicates moisture contents higher than 
the nominal 5 and 15 percent levels but lower moisture 
contents for the 25 percent moisture level. The range of 
moisture content over percent stems at a given moisture 
level was small in comparison to the difference in levels. 
The moisture content effect upon gross and dry matter 
densities in the die is illustrated in Figure 13. The 
plotted values are averages over all the stem levels at a 
given moisture level. Increasing the moisture content to the 
nominal 15 percent level increased density because the 
material flowed into the air spaces. A further increase in 
moisture content reduced the average gross density 
because Yjyj was greater than the density of the water, (See 
Equation 4 and mixture density Table l4,) A reduction in 
dry matter density occurred because water displaced the 
denser forage particles. A 15 percent moisture content is 
not implied as the moisture content for maximum densities in 
the die but is only the maximum point for the three moisture 
contents investigated. In the forage properties experiment 
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Table l4. Wafer densities for the stem experiment with 
chopped alfalfa 
Stems, ri Moisture content Gross density Dry matter density 
percent percent In the die, Y.-, in the die, y 
by weight (w.b.) Ibs/ftS lbs/ft3 
100 6.57 78.09 72.93 
75 7.56 79.66 
78.27 
73.62 
50 7.21 7.01& 80.61 74.79 72.77 
25 7.20 77.11 71.54 
0 6.51 75.90 70.96 
100 14.32 91.83 78.64 
75 15.27 93.51 79.20 
77.60 50 15.16 15.07 89.57 91.39 75.99 
25 15.55 90.72 76.61 
0 15.07 91.32 77.54 
100 22.39 94.16 73.03 
75 24.08 88.45 67.12 
50 24.15 23.86 88.37 89.94 67.01 68.46 
25 24.53 87.82 66.26 
0 24.15 90.89 68.90 
^Underlined values are averages. 
with various types of forages the influence of moisture 
content on the in die densities was more thoroughly explored. 
(See forage properties experiment Figures 50-5^.) 
(Least significant differences (LSD) of experiment means 
are given in each AOV table at the 1 percent level.) 
Mixture density, Yij,, illustrated in Figure 13 was less 
than gross density, for the higher moisture contents. 
This shows that the reference dry matter density, y^yj, was 
not the true dry matter density of the forage because all the 
Table 15. Axial wafer strains in the stem experiment with chopped alfalfa 
Stems Moisture Die length "based Dry matter length Reference density based 
n content strain based strain strain 
percent 
by weight 
percent 
(w.b.) ®12 S13 022 G23 ®31 032 ^33 
100.0 6.57 0.521 0.686 0.570 0.750 0.092 0.555 0.722 
75.0 7.56 0.514 0.675 0.571 0.750 0.073 0.513 0.675 
50.0 7.21 0.430 0.585 0.477 0.647 -0.062 0.4l4 0.568 
25.0 7.20 0.422 0.534 0.465 0.588 0.070 0.569 0.583 
0.0 6.51 0.345 0.442 0.375 0.480 0.057 0.4i8 0.519 
100.0 14.32 0.928 1.353 1.199 1.743 -0.133 0.644 1.006 
75.0 15.27 0.772 1.195 1.015 1.567 -0.151 0.486 0.843 
50.0 15.16 0.594 0.889 0.762 l.l4l -0.122 0.393 0,651 
25.0 15.55 0.495 0.629 0.641 0.8l4 -0.138 0.286 0.402 
0.0 15.07 0.380 0.520 0.491 0.671 -0.138 0.185 0.304 
100.0 22.39 1.665 2.825 2.545 4.315 -0.180 1.167 2.101 
75.0 24.08 1.310 2.103 2.005 3.218 -0.134 0.993 1.677 
50.0 24.15 1.102 1.569 1.665 2.389 -0.131 0.826 1.228 
25.0 24.53 0.635 1.058 0.972 1.617 -0.128 0.424 0.795 
0.0 24.15 0.501 0.722 0.785 1.122 -0.154 0.264 0.454 
Table l6. Properties of the material in the stem experiment with chopped alfalfa 
Stems Moisture Reference dry matter Density of Protein Pectin level 
Tl content density mixture P P 
transSs^îSînty 
100.0 6.57 81.06 79.84 12.42 48.0 
75.0 7.56 81.13 79.71 
79.83 
14.58 49.6 
50.0 7.21 81.20 79.84 17.02 50.6 
25.0 7.20 81.06 79.71 19.54 52.8 
0.0 6.51 81.27 80. o4 22.84 57.8 
100.0 14.32 81.06 78.39 12.82 45.8 
75.0 15.27 81.05 78.20 14.98 53.4 
50.0 15.16 81.20 78.35 78.26 17.94 54.2 
25.0 15.55 80.84 77.98 19.68 51.6 
0.0 15.07 81.20 78.37 22.70 55.8 
100.0 22.39 80.92 76.77 13.30 49.0 
75.0 24.08 80.91 76.45 14.68 52.0 
50.0 24.15 81.20 76.65 76.58 17.76 52.0 
25.0 24.53 80.84 76.32 19.42 53.4 
0.0 24.15 81.23 76.69 22.48 54.8 
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air was not expelled in the reference density test. In die 
densities, Y.-, and y are affected by lubrication of the 
C J. 
particles by the water as well as the strength and density of 
the forage particles. A remarkably consistent value of 
reference dry matter density, Yj^^, was obtained as shown in 
Table l6. The calculated'mixture density listed In Table 
16 was based on the averages of the densities at five stem 
levels for a given nominal moisture level. 
Analysis of variance indicated a highly significant 
effect of percent stems, r\} moisture level, m, and the percent 
stems by moisture content interaction. The Importance of 
these effects is shown in Figures l4 through 17. Figure l4 
denotes increased wafer strain, egg; with increased percent 
stems, x\3 at all moisture contents. The moisture by stem 
interaction is indicated by the difference in the slopes of 
the three curves. Percent stems, /q, became more important at 
higher moisture contents. Figure 15 showing final values of 
wafer strain, g-^, illustrates the point more emphatically. 
Further evidence of the Interaction Is shown In Figure I7 
where strain, ggg, as a function of moisture content is 
Illustrated with percent stems, r\> as a parameter. Final 
strain, was a result of rebound energy derived from the 
stems, and the reduction of binding properties because the 
water held the forage particles apart. 
Figure 16 depicts the influence of time on strain as 
well as the stem and moisture content parameters. For the 
2 .  
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Figure l4. Axial wafer strain, ^^2.' chopped alfalfa as released from the die 
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7.01 percent moisture level the final value strain, e??, and 
as released wafer strain, egg, lines are nearly parallel. 
However the comparable lines for higher moisture content 
(23.86 percent) diverge indicating a different effect of 
time for wafers of high moisture content and varying amounts 
of stems. 
Separation of chemical and mechanical effects was 
attempted by relating protein content, and relative pectin 
level, P , to percent stems, -p. These relationships are pe 
shown in Figures 18 and 19. The correlation coefficient of 
protein with percent stems was 0.952 and the slope of the 
least squares fit straight line was significant at the 0.1 
percent level. The Influence of percent stems, -p, on the 
relative pectin level, P , was not as significant. Although pe 
the slope of the regression line in Figure 19 was significant 
at the 5 percent level it was apparent that the relative 
pectin level, P , was affected in a minor way by the percent 
stems, r], when compared to the stem Influence on protein. 
Because of the excellent correlation of protein with stems 
it was Impossible to establish the stem effect as being 
exclusively either a mechanical or a chemical factor. 
Conclusions 
Percent stems, percent moisture, m, and the interaction 
of percent stems and percent moisture significantly affected 
the expansion (strain 0^2 ^ .nd egg) of the wafers and thus 
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their density. A combination of high moisture, m, and high 
stem content, produced the greatest wafer expansion, 
a.8 shown in Figure 20. Moisture content was used to 
establish several properties of the stems (see Table 3) 
so the response surface (Figure 20) Is unique only for the 
isolated combinations of properties of the stems obtained in 
this experiment. 
Time after release from the die, t^. Interacted with 
cL 
moisture content and percent stems to give greater rates of 
change in strain with time for higher moisture levels (see 
Figure 16). 
Percent stems, -p, and percent protein, were so 
well correlated that it was impossible to separate the 
chemical effects of protein from the mechanical effects of 
the stems. Consequently this factor violated the requirement 
of the dimensional analysis that the TT terms be both 
dimensionless and independent. 
Figure 20, A composite view of axial wafer strain, £33^ after expansion for 30 
minutes with respect to moisture content and stems in the stem 
experiment with chopped alfalfa (reference density base) 
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STEM EXPERIMENT - GROUND ALFALFA 
During the previous experiment It was observed that 
expansion of the infers was partly due to straightening of 
bent stems. This Implied that a reduction In the length of 
stems and particle size would reduce expansion of the wafers. 
In the dimensional analysis a change in = A can be 
accomplished by either a change of D or \. In this case ^ 
was changed by grinding the dried second cutting alfalfa 
through a 1 mm screen. With stem length considered to be 
descriptive of pertinent particle geometry the following level 
of TTg was obtained. 
^=0.032 
All other parameters in this experiment were held at the same 
levels as described by Table 3. (Although by definition the 
forage units in this experiment should be called pellets, they 
will be referred to as wafers.) 
Procedure 
The same procedures and statistical model were used for 
this experiment as for the previous experiment. 
Statistical Analysis 
The statistical analysis was the same as for the previous 
experiment. 
84 
Results and. Discussion 
Tables 17 and l8 both show significant differences in 
densities for blocks and moisture effects. Gross density, 
was also significantly influenced by stems and the stem 
by moisture interaction. These effects were not as important 
as blocks and moisture when measured by the relative 
magnitudes of the P statistic. 
Table 19 records the means of and the 
fifteen different treatment combinations. Averages of 
densities over moisture content and percent stems, -q, are 
plotted in Figure 21 and compared with the results of the 
experiment with chopped alfalfa. These curves are remarkably 
similar in shape. Peak density near the 15 percent level of 
moisture was due to flow of material into the voids due to 
the lubrication value of water and because the forage particle 
density was greater than water a net decrease of density 
occurred at the higher moisture level. The calculated 
mixture density. Yip, for ground hay was less than that for 
chopped hay so the dry matter densities, ^.nd gross 
densities, were also lower. At the lowest moisture level, 
the ground alfalfa calculated mixture density, Y^, was 2.39 
percent lower than that for chopped alfalfa, but the dry matter 
density, Y^^, was 7-32 percent lower. Grinding the material 
caused a reduction in dry matter and gross density (Y^^ and 
Y^^) because of the increased voids. The change in mixture 
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Table 17. Analysis of variance 
\l ~ ground alfalfa 
- gross density in the die. 
Source Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
F 
statistic 
Tabular F 
1% level 
Blocks 4 31.97 7.99 23.39** 3.68 
Stems (S) 4 5.11 1.28 3.74** 3.68 
Moisture (M) 2 2283.50 1141.75 3341.79** 5.01 
S X M 8 7.83 .98 2.86** 
Error 56 19.13 .34 
Total 74 2347.54 
Least significant difference = . 70 
Table 18. Analysis of variance - dry matter density in the 
die, - ground alfalfa 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic 1% level 
Blocks 4 21.19 5 .30 10 .43** 3.68 
Stems (S) 4 4.05 1 .01 1 .99 3.68 
Moisture (M) 2 1066.58 533 .29 1050 .39** 5.01 
8 X M 8 5.77 .72 1 .42 2.85 
Error 56 28.43 
Total 74 1126.02 
Least significant difference = .85 
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Table 19. Wafer densities for the stem experiment with 
ground alfalfa 
Stems, Moisture content Gross density Dry matter density 
percent percent, m in the die, Ynn in the die, Ypn 
by weight (w.b.) lbs/ft^ lbs/ft^ 
100 7.19 72.49 67.28 
75 7.35 72.75 67.40 
50 7.40 7.34®- 73.00 73.19 67.60 67.81 
25 7.39 73.66 68.21 
0 7.38 74.05 68.57 
100 15.33 85.03 71.99 
75 15.55 85.36 72.08 
50 15.02 15.41 85.65 85.60 72.79 72.41 
25 15.50 86.05 72.71 
0 15.64 85.93 72.49 
100 24.73 84.39 63.53 
75 25.06 84.08 63.01 
50 24.93 24.81 83.86 84.02 62.95 63.17 
25 24.64 83.85 63.18 
0 27.70 83.94 63.20 
^'Underlined values are averages. 
density does not influence the comparisons of wafer 
strains on the basis of a length calculated from the reference 
dry matter density, Yjyj. 
Tables 20 through 25 give the AOV's for the measured 
strains. In all these tables, percent stems, -p, moisture 
content, m, and the stem by moisture content interactions were 
significant at the 1 percent level or above. In some cases 
blocks were also significant because of the reduced error 
sum of squares due to the homogeneity of the ground material. 
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Table 20. Analysis of variance - axial wafer strain as 
released, e-in - die length base, L-, - ground 
alfalfa 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 .02139 .00535 7.85** 3.68 
Stems (S) 4 .72377 .18094 265.70** 3.68 
Moisture (M) 2 .95030 .47515 696.26** 5.01 
8 x M 8 .18280 .02285 33.55** 2.85 
Error 56 .03815 .00068 
Total 74 1.91641 
Least significant difference = .044 
Table 21. Analysis of variance - axial wafer strain after 
expanding 30 minutes, e-i o - die length base, L, -
ground alfalfa 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 .0122 .0030 1.91 3.68 
Stems (S) 4 1.0944 .2736 171.93** 3.68 
Moisture (M) 2 2.3330 1.1665 733.05** 5.01 
S X M 8 .2680 .0335 21.05** 2.85 
Error 56 .0891 .0016 
To tal 74 3.7967 
Least significant difference = .048 
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Table 22. Analysis of variance - axial wafer strain as 
released, ecc - dry matter length base - ground 
alfalfa 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic Vfo level 
Blocks 4 
Stems (S) 4 
Moisture (M) 2 
8 X M 8 
Error $6 
Total 74 
.04132 
1.36598 
3.66493 
.50980 
.09998 
5.68201 
.01033 5.79** 
.34150 191.31** 
1.83247 1026.59** 
.06373 35.70** 
.00179 
3.68 
3.68 
5.01 
2.85 
Least significant difference = .05I 
Table 23. Analysis of variance - axial wafer strain after 
expanding 30 minutes, ego - dry matter length base -
ground alfalfa 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic Vfo level 
Blocks 4 .0337 .0084 2.00 3.68 
Stems (S) 4 2.0636 .5159 123.47** 3.68 
Moisture (M) 2 8.6667 4.3334 1037.12** 5.01 
S x M 8 .7553 .0944 22.60** 2.85 
Error 56 .2340 .0042 
Total 74 11.7533 
Least significant difference = .077 
90 
Table 24. Analysis of variance - axial wafer strain as 
released, eqc - reference density base - ground 
alfalfa 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic Vfo level 
Blocks 4 .024435 .006109 9.92** 3.68 
Stems (S) 4 .830371 .207593 337.00** 3.68 
Moisture (M) 2 .556828 1
—
1 0
 
CO [ CM 451.95** 5.01 
S X M 8 .100084 .012510 20.31** 2.85 
Error 56 .034490 .000616 
Total 74 1.546208 
Least significant difference = .031 
Table 25. Analysis of variance - axial wafer strain after 
expanding 30 minutes, - reference density 
base - ground alfalfa 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic Yfo level 
Blocks 4 .0736 .0184 13.87** 3.68 
Stems (S) 4 1.2224 .3056 230.35** 3.68 
Moisture (M) 2 .9775 .4887 368.40** 5.01 
S X M 8 .1507 .0188 14.20** 2.85 
Error 56 .0743 .0013 
Total 74 2.4985 
Least significant difference = .043 
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Tables 26 and 27 summarize the results of the stem 
experiment with ground alfalfa with a list of means over the 
five replications. Figures 22 and 23 illustrate the signi­
ficance of the percent stems, moisture content and stem "by 
moisture content interaction effects with respect to wafer 
strains. The rate of wafer strain with respect to percent 
stems, X], increased with higher moisture contents. Further-
evidence of the stem by moisture interaction is shown in 
Figure 25. 
A minimum value of final wafer strain, egg, was obtained 
at the nominal 15 percent level of moisture at all stem 
levels. This was not true for the chopped alfalfa stem 
experiment (compare Figures 17 and 23). 
The time after release from the die by moisture content 
interaction was not as evident with the ground hay as with 
chopped hay (Figure 24). Only a small divergence of the 
strain curves was noted for the 24.81 percent moisture level 
compared to the 7.34 percent level. 
Comparisons and Conclusions 
Figure 26 compares the response surfaces of final wafer 
strain, eg?, for the stem experiments with chopped and ground 
alfalfa. Less wafer strain occurred with the ground alfalfa 
for all treatment levels. Reduction in particle size produced 
larger differences at the high moisture contents and the high 
Table 26. Axial wafer strains in the stem experiment with ground alfalfa 
Stems Moisture Die length based Dry matter length Reference density based 
^ content strain based strain strain 
percent percent s-i o o ^oo Go"3 so-t Gqo Goo 
by weight (w.b.) ^ 
100.0 7.19 0.358 0.500 0.391 0.545 0.086 0.476 0.630 
75.0 7.35 0.334 0.471 0.365 0.515 0.079 0.439 0.587 
50.0 7 AO 0.321 0.448 0.352 0.490 0.073 0.417 0.554 
25.0 7.39 0.286 0.402 0.314 0.440 0.051 0.349 0.472 
0.0 7.38 0.240 0.363 0.263 0.398 0.045 0.290 0.417 
100.0 15.33 0.488 0.686 0.617 0.867 -0.091 0.351 0.531 
75.0 15.55 0.411 0.620 0.522 0.788 -0.097 0.274 0.463 
50.0 15.02 0.358 0.522 0.451 0.658 -0.103 0.217 0.365 
25.0 15.50 0.288 0.448 0.367 0.570 -0.118 0.136 0.277 
0.0 15.64 0.216 0.353 0.276 0.450 -0.115 0.076 0.197 
100.0 24.73 0.787 1.110 1.184 1.671 -0.105 0.599 0.889 
75.0 25.06 0.689 0.997 l.o4o 1.506 -0.104 0.512 0.789 
50.0 24.93 0.564 0.855 0.848 1.286 -0.107 0.397 0.657 
25.0 24.64 0.449 0.709 0.673 1.061 -0.116 0.281 0.510 
0.0 24.70 0.340 0.566 0.510 0.848 -0.122 0.176 0.375 
Table 27. Properties of the material in the stem experiment with ground alfalfa 
Stems Moisture Reference dry matter Density of Protein Pectin level 
T| content density mixture P pr 
percent 
^pe 
transmissibility percent by weight 
percent 
(w.b.) 'M 3 lbs/ft^ lbs/ft^ 
100.0 7.19 80.03 78.77 13.72 62.7 
75.0 7.35 79.75 78.48 16.20 64.8 
50.0 7.40 79.56 , 78.30 77.93 18.98 52.4 
25.0 7.39 78.50 77.31 21.38 62.4 
0.0 7.38 78.15 76.99 23.48 60.4 
100.0 15.33 79.89 77.20 13.74 65.4 
75.0 15.55 79.75 77.05 16.l4 66.2 
50.0 15.02 79.35 76.80 76.59 18.94 51.0 
25.0 15.50 78.36 75.88 21.42 67.6 
0.0 15.64 78.57 76.03 23.46 58.4 
100.0 24.73 79.89 75.55 13.82 61.2 
75.0 25.06 79.61 75.29 
74.71 
16.24 64.6 
50.0 24.93 79.06 74.91 19.00 50.8 
25.0 24.64 77.94 74.11 21.40 73.6 
0.0 24.70 77.36 73.67 23.44 62.2 
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minutes (reference density base) 
t— t/) 
2.5 
2 . 0  
1.5 
1  . 0  
0.5 
—O— 7.34% MOISTURE 
—D— 24.81% MOI STURE 
AS RELEASED FROM THE DIE-
AFTER EXPANSION FOR 30 MINUTES - G 
33 
vo 
cy\ 
0 . 0  
Figure 24. 
STEMS -T| - PERCENT BY WEIGHT 
Comparison of wafer strain as released from the die with wafer strain 
after expansion for 30 minutes for ground alfalfa (reference density 
"base) 
97 
2.5r-
2 . 0  
g 
m 
K5 
1 . 0  
0.5 
0 . 0  
-a- 100% STEMS 
-A- 50% STEMS 
-O- 0% STEMS 
_L I 
10 15 20 
MOISTURE CONTENT - PERCENT (W.B.) 
25 
Figure 25. Axial wafer strain, after expansion for 30 
minutes related to moisture content and percent 
stems for ground alfalfa (reference density base) 
Figure 26. A composite comparison of axial wafer strain for the stem experiments 
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stem percentages. With the reduction of particle size the 
potential for wafer expansion was reduced. Grinding is a way 
of introducing energy into the wafer system to reduce 
particle size and the expansion potential of a wafer. 
However, Butler and McGolly (8) found that long hay made more 
durable wafers than chopped hay. 
Grinding also produced more free surface and liberated 
more protein for chemical reaction during wafering. Therefore 
it was not clear whether the difference between the two 
response surfaces was entirely due to size reduction of 
particles or in part du9 to bonding action produced by the 
liberated protein. 
Figures 27 and 28 show the relationships between stem 
percentages and protein and pectin levels respectively. The 
correlation of stems with percent protein was 0.962 and the 
slope of the linear regression line was significant at the 
0.1 percent level. No discernible relationship of stems with 
relative pectin level was obtained. Because of the excellent 
correlation of stems with protein it was not possible to 
separate the mechanical effect of stems from the chemical 
aspects as measured by the protein content. 
Both stem experiments showed the detrimental effects of 
high percentages of stems in alfalfa wafers. The ground 
versus chopped alfalfa strains supported the hypothesis that 
the bending characteristics of the stems at least in part con­
trol the expansion and thus the final density of a wafer. 
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Figure 27. The relation of protein to stems in the stem experiment with ground 
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VARYING LEAP AND STEM MOISTURE EXPERIMENT - CHOPPED ALFALFA 
In the two previous experiments it was not possible to 
separate mechanical effects of stems and the chemical effects 
as measured "by protein content. Therefore this experiment 
was designed to change the mechanical properties of the stems 
without changing the protein content of the material and 
examine the effect of this change in mechanical properties 
upon the strain and the final density of the wafers. In 
relation to the dimensional analysis, this required that 
—, —, e , ^ g be controlled by the various moisture 
a a a v D^ 
T 
contents of the stems. Protein, P , and pectin level, P , 
were nominally kept at the same level by mixing stems and 
leaves in equal parts by dry matter weight. Therefore percent 
stems, r]) was held at 50 percent. All other parameters were 
held at the levels shown in Table 3. 
It was anticipated that the cohesive pressure, as 
shown in Equation l6b would be affected by the moisture 
content of the leaves and the total moisture content of the 
stem and leaf mixture so three levels of leaf moisture were 
investigated. The same nominal mixture moisture content 
was obtained for different combinations of stem and leaf 
moisture contents. 
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Procedure 
The experiment was conducted as a three by five factorial 
in a randomized complete block design according to the follow­
ing statistical model. 
T^jkl = u + Pi + + eijk + Gijki (20) 
1 = 1, 2 . .  
j — 1J 2... 5 
k = 1,2,3 
1 = 1,2 
"^ijkl ~ dependent variable 
y = overall experiment mean 
Pj_ = 1th block effect 
aj = ,1th stem moisture effect 
= kth leaf moisture effect 
= stem moisture by leaf moisture Interaction 
= experimental error 
6- T = sampling error 
Second cutting alfalfa stems and leaves which had been 
separated by a mechanical leaf stripper were dried at l60°F 
for 48 hours. For each block five 100 gram dry weight samples 
of stems and three 100 gram dry weight samples of leaves were 
placed in plastic bags and water was added to bring the stems 
and leaves to the following nominal moisture contents. 
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Nominal stem moistures Nominal leaf moistures 
A sample for each wafer was prepared by mixing stems and 
leaves In the appropriate ratios by weight to give the same 
approximate dry matter weights of each. Wafering was con­
ducted in the same manner as described in the two previous 
experiments. Diameters of the wafers as released from the die 
and after expansion for 30 minutes were also recorded to enable 
calculation of wafer densities at those two times. 
Calculations 
In this experiment the gross and dry matter densities of 
the wafers as released from the die and after expansion for 
30 minutes were calculated In addition to the dependent strain 
variables calculated in the previous experiments. The 
densities as released from the die were determined as follows: 
WCg 
where^ = gross density of the wafer as released from the 
die, lbs/ft^ 
Lg = length of the wafer as released from the die, in 
Dg = diameter of the wafer as released from the die, 
in 
106 
Cg = constant determined from the conversion of 
units = 4.85055 Ib-ln^/gm-ft^ 
W, 
^22 " W. ^12 
1 
'1 
Ypg = dry matter density of the wafer as released 
from the die, lbs/ft3 
The densities after expansion for 30 minutes were calculated 
by the following equations : 
WC_ 
Y ^ 13 -
where, = gross density of the wafer after expansion for 
30 minutes, lbs/ft^ 
= diameter of the wafer after expansion for 30 
minutes, in 
Lg = length of the wafer after expansion for 30 
minutes, in 
^ *fYi3 
Y23 
Ygo = dry matter density of the wafer after expansion 
for 30 minutes, lbs/ft^ 
Statistical Analysis 
Calculated values for the two wafer samples were 
averaged and these data were used in the analysis of variance 
for the experiment. The analysis of variance was computed 
at the Iowa State University Computation Center in accordance 
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with the statistical model of Equation 20. Results of these 
computations are summarized in Tables 28 through 39. In all 
cases stem moisture had a significant effect upon the 
dependent variable at the 1 percent or greater level of 
confidence. With the exception of strain as released (die 
length base), leaf moisture had a 1 percent or greater 
level of significance. Blocks also had a 1 percent or 
greater level of significance for all dependent variables 
except for strain after expansion for 30 minutes (die length 
base), Gross density in the die, and dry matter 
density in the die, were significantly affected by a 
stem by leaf moisture content interaction (Tables 28 and 31). 
Although the variations from block to block were significant 
the comparison of means of the stem moisture content and leaf 
moisture content effects were valid. Least significant 
differences are included to show the magnitude of the 
difference of the means that are important. 
Results and Discussion 
Tables 40, 4l and ,42 respectively give wafer densities, 
wafer strains, and properties of the material. The values 
given are means determined from the five blocks or replica­
tions. 
Figure 29 shows gross density in the die, Y^^, and dry 
matter density in the die, as a function of leaf moisture 
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Table 28. Analysis of variance - gross density in the die, 
Yii - varying leaf and stem moisture experiment 
Source Degrees of Sum of 
freedom squares 
Mean F Tabular F 
square statistic 1^ level 
Blocks 4 7.346 
Stem HgO (S) 4 1504.319 
Leaf HgO (M) 2 1749.301 
S X M 8 15.523 
Error 56 17.533 
Total 74 3294.022 
1.826 5.87** 3.68 
376.080 1201.17** 3.68 
874.650 2793.55** 5.01 
1.940 6.20** 2.85 
.313 
Least significant difference =0.67 
Table 29. Analysis of variance - gross density as released 
from the die, Y _ - varying leaf and stem moisture 
experiment 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic Vfo level 
Blocks 4 111.157 27.789 9.00** 3.68 
Stem HgO ( s )  4 759.374 189.843 61.48** 3.68 
Leaf HgO (M) 2 391.985 195.992 63.48** 5.01 
S X M 8 58.803 7.350 2.38 2.85 
Error 56 172.910 3.088 
Total 74 1494.229 
Least significant difference =2.10 
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Table 30. Analysis of variance - gross density after 
expansion for 30 minutes, - varying leaf 
and stem moisture experiment 
Source Degrees of Sum of Mean F Tabular P 
freedom squares square statistic 1% level 
Blocks 4 89.487 22.372 5.83** 3.68 
Stem HgO (s) 4 1104.773 276.193 71.94** 3.68 
Leaf HgO (M) 2 159.820 79.909 20.82** 5.01 
S X M 8 36.415 4.552 1.19 2.85 
Error 56 214.985 3.829 
Total 74 1605.480 
Least significant difference =2.34 
Table 31. Analysis of variance - dry matter density in the die, 
Ygi - varying leaf and stem moisture experiment 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic 1% level 
Blocks 4 14.874 3.719 7.35** 3.68 
Stem HgO (s) 4 293.610 73.402 145.23** 3.68 
Leaf HgO (M) 2 270.528 135.264 267.63** 5.01 
S X M 8 18.016 2.252 4.46** 2.85 
Error 56 28.303 .505 
Total 74 625.332 
Least significant difference = ,85 
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Table 32. Analysis of variance - dry matter density as 
released from the die, Ypg - varying leaf and stem 
moisture experiment 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic ifo level 
Blocks 4 109.180 27.295 10 .92** 3.68 
Stem HgO (s) 4 1090.033 272.508 109 .02** 3.68 
Leaf HgO (M) 2 33.276 16.638 6 .66** 5.01 
S X M 8 33.606 4.201 1 .68 2.85 
Error 56 139.974 2.500 
Total 74 1406.069 
Least significant difference = I.89 
Table 33. Analysis of variance - dry matter density after 
expansion for 30 minutes, Y - varying leaf and 
stem moisture experiment ^ 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic ifo level 
Blocks 4 89.468 22.367 6.85** 3.68 
Stem HgO (s) 4 l406.461 351.615 107.61** 3.68 
Leaf HgO (M) 2 45.313 22.657 6.93** 5.01 
S X M 8 24.615 3.077 .94 2.85 
Error 56 182.975 3.267 
Total 74 1748.834 
Least significant difference = 2.l6 
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Table 34. Analysis of variance - axial wafer strain as 
released, - die length base, - varying leaf 
and stem moisture experiment 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic Vfo level 
Blocks 4 .09683 .02421 12.76** 3.68 
Stem HgO (s) 4 1.72904 .43226 227.83** 3.68 
Leaf HgO (M) 2 .01592 .00796 4.20 5.01 
S X M 8 .00786 .00098 .52 2.85 
Error 56 .10625 .00190 
Total •• 74 1.95590 
Least significant difference = .052 
Table 35. Analysis of variance - axial wafer strain after 
expansion for 30 minutes, ~ die length base, L^-
varying leaf and stem moisture experiment 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic 1^ level 
Blocks 4 .2157 .0539 2.40 3.68 
Stem HgO (8) 4 4.5357 1.1339 50.51** 3.68 
Leaf HgO (M) 2 .6856 .3428 15.27** 5.01 
S X M 8 .1098 .0137 .61 2.85 
Error 56 1.2572 .0224 
Total 74 6.8039 
Least significant difference = , .179 
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Table 36. Analysis of variance - axial wafer strain as 
released, egg - dry matter length base - varying 
leaf and stem moisture experiment 
Source Degrees of Sum of Mean P Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 .19350 .04837 11.01** 3.68 
Stem HgO (S) 4 3.61821 .90455 205.83** 3.68 
Leaf HgO (M) 2 .21732 .10866 24.73** 5.01 
S X M 8 .04909 .00614 1.40 2.85 
Error 56 .24610 .00439 
Total 74 4.32422 
Least significant difference = .079 
Table 37. Analysis of variance - axial wafer strain after 
expansion for 30 minutes, ggo - dry matter lengt 
base - varying leaf and stem moisture experiment 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic 1^ level 
Blocks 4 .5120 
Stem HgO (S) 4 10.8538 
Leaf HgO (M) 2 I.819O 
S X M 8 .1243 
Error 56 .8601 
Total 74 14.1692 
.1280 8.33** 3.68 
2.7135 176.68** 3.(%3 
.9095 59.22** 5.(% 
.0155 1.01 2.85 
.0154 
Least significant difference = .148 
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Table 38. Analysis of variance - axial wafer strain as 
released, " reference density base - varying 
leaf and stem moisture experiment 
Source Degrees of Sum of Mean F Tabular F 
freedom squares square statistic Vfo level 
Blocks 4 .09210 .02303 12.24** 3.68 
Stem HgO (s) 4 .32257 .08064 42.88** 3.68 
Leaf HgO (M) 2 .86788 .43394 230.75** 5.01 
S X M 8 .03006 .00376 2.00 2.85 
Error 56 .10531 .00188 
Total 74 1.41791 
Least significant difference = .052 
Table 39- Analysis of variance - axial wafer strain after 
expansion for 30 minutes, - reference density 
base - varying leaf and stem moisture experiment 
Source Degrees of Sum of Mean P Tabular P 
freedom squares square statistic 1% level 
Blocks 4 .23530 .05882 11.08** 3.68 
Stem HgO (s) 4 1.99800 .49950 94.11** 3.68 
Leaf HgO (M) 2 .25439 .12719 23.96** 5.01 
S X M 8 .01684 .00210 .40 2.85 
Error 56 .29724 .00531 
Total 74 2.80175 
Least significant difference = .087 
Table 40. Wafer densities in the varying leaf and stem moisture experiment with 
chopped alfalfa 
Moisture Gross densities Dry matter densities 
Treatment content In die As After In die As After 
ident. percent released 30 min. released 30 min. 
(w."b.) Yii Yi2 Yl3 q ^21 _ ^22. ^ ^23 o 
lbs/ft^ lbs/ft^ lbs/ft^ lbs/ft^ lbs/ft^ lbs/ft^ 
2525 
2515 
2505 
21.52 
18.40 
14.28 
2025 
2015 
2005 
20.24 
14.99 
11.38 
1525 
1515 
1505 
18.70 
12.98 
9.49 
1025 
1015 
1005 
16.65 
11.10 
7.21 
0525 
0515 
0505 
14.56 
9.39 
5.37 
82.60 
80.22 
72.31 
39.65 
38.95 
36.57 
81.48 
77.25 
70.40 
44.85 
43.68 
41.66 
79.58 
75.71 
68.35 
48.07 
46.10 
42.63 
76.38 
72.34 
63.56 
51.21 
48.24 
43.25 
71.10 
67.44 
58.69 
49.36 
46.85 
41.50 
35.26 
34.92 
33.10 
64.83 
65 .45 
61.98 
40.56 
40.66 
39.04 
64.98 
65.66 
62.39 
43.24 
44.19 
41.16 
64.70 
65.88 
61.86 
47.46 
46.15 
42.13 
63.67 
64.31 
58.97 
45.79 
45.17 
40.81 
60.74 
61.10 
55.54 
31.17 
31.79 
31.35 
27.72 
28.49 
28.37 
35.79 
37.16 
36.93 
32.40 
34.58 
34.61 
39.10 
40.12 
38.59 
35.20 
38.46 
37.26 
42.68 
42.89 
40.13 
39.56 
41.02 
39.10 
42.17 
42.45 
39.27 
39.13 
40.93 
38.62 
UCil o 
2525 
2515 
2505 
2025 
2015 
2005 
1525 
1515 
1505 
1025 
1015 
1005 
0525 
0515 
0505 
Axial wafer strains in the varying leaf and stem moisture experiment with 
chopped alfalfa 
Moisture Die length based Dry matter length Reference density based 
content strain based strain strain 
percent £13 egg ®23 ®31 ®32 ®33 
^ W . D . J 
21.52 0.764 
18.4o 0.767 
14.28 0.734 
20.24 0.616 
14.99 0.595 
11.38 0.549 
18.70 0.495 
12.98 0.513 
9.49 0.483 
16.65 0.370 
11.10 0.406 
7.21 0.372 
14.56 0.334 
9.39 0.339 
5.37 0.312 
1.299 1.074 
1.261 1.005 
1.129 0.880 
1.050 0.840 
0.957 0.732 
0.817 0.630 
0.835 0.652 
0.757 0.609 
0.644 0.539 
0.660 0.464 
0.611 0.466 
0.480 0.402 
0.545 0.401 
0.505 0.377 
0.389 0.328 
1.825 -0.085 
1.652 -0.051 
1.354 0.062 
1.432 -0.070 
1.177 -0.007 
0.938 0.098 
1.102 -0.044 
0.899 0.017 
0.719 0.135 
0.829 0.000 
0.701 0.069 
0.518 0.227 
0.654 0.079 
0.562 0.151 
0.410 0.334 
0.614 
0.677 
0.842 
1.103 
1.145 
1.262 
0.503 
0.583 
0.700 
0.906 
0.942 
0.994 
0.428 
0.539 
0.684 
0.753 
0.787 
0.867 
0.370 
0.503 
0.683 
0.660 
0.722 
0.815 
0.440 
0.541 
0.750 
0.668 
0.732 
0.854 
Table 42. Properties of the material in the varying leaf and stem moisture 
experiment with chopped alfalfa 
Moisture Reference dry matter Density of Stem Leaf 
Treatment content density mixture moisture content moisture content 
ident. percent Ym Ym percent percent 
(w.b.) lbs/ft^ lbs/ft^ (w.b.) (w.b.) 
2525 21.52 79.19 75.58 22.69 20.34 
2515 18.4o 79.19 76.10 22.69 13.54 
2505 14.28 79.19 65.79 22.69 3.62 
2025 20.24 79.19 75.80 18.o4 22.30 
2015 14.99 79.19 76.67 18.o4 11.75 
2005 11.38 79.19 77.28 18.o4 3.45 
1525 18.70 79.19 76.05 13.74 23.09 
1515 12.98 79.19 77.01 13.74 12.23 
1505 9.49 79.19 77.60 13.74 4.73 
1025 16.65 79.19 76.40 7.98 23.89 
1015 11.10 79.19 77.33 7.98 i4,04 
1005 7.21 79.19 77.98 7.98 6.4o 
0525 14.56 79.19 76.75 5.16 21.98 
0515 9.39 79.19 77.62 5.16 13.16 
0505 5.37 79.19 78.29 5.16 5.57 
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Figure 29. Gross and dry matter densities in the die, 
and Yg^, as a function of leaf and stem moisture 
contents 
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content and stem moisture content. Both increased stem and 
leaf moisture contents increased gross density in the die, 
Yii^ because the higher moisture content reduced interpar-
ticle friction and resulted in the flow of the material into 
the void spaces. However, because the density of the forage 
dry matter, was greater than the density of water, dry 
matter density in the die, began to level off at the 
higher moisture contents of both the stems and the leaves. 
The interaction of leaf moisture content and stem moisture 
content is shown by the difference in the slope of densities, 
Y^^, and Yg^' versus stem moisture content at the three 
different levels of leaf moisture, A greater change in 
densities in the die with stem moisture content occurred at 
the lowest level of leaf moisture than at the higher levels 
of leaf moisture content. This occurred because there was a 
greater potential for flow into the void spaces at the lower 
combined moisture contents than at the higher combined moisture 
contents where much of the pore space was already filled and 
thus less pore space was available for increasing the density 
of the wafer. 
It became apparent that sufficient moisture was necessary 
to lubricate the material particles so they would flow into 
the void spaces but excessive moisture caused a reduction in 
the dry matter density in the die. 
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Figures 30, 3%, and 32 respectively show the effects of 
stem moisture content and leaf moisture content on wafer 
densities, , and wafer strain, after expansion 
of the wafer for 30 minutes. Although the effect of leaf 
moisture was significant, stem moisture content had a much 
greater affect on wafer density and strain. Maximum densi­
ties and minimum strains were observed at the lower moisture 
contents of stems but at somewhat higher moisture contents of 
the leaves. Reducing the moisture content of the stems 
reduced the resiliency of the stems so that there was less 
tendency^for the wafer to expand after the wafering pressure 
was removed. At the low stem moistures, a higher leaf moisture 
content was beneficial in improving flow of-material in the 
die when the wafering pressure was applied and in providing 
moisture for adhesive bonding of particles as the wafer was 
formed. 
Conclusions 
Increasing moisture content of both the leaves and 
stems of the alfalfa forage increased the gross density in the 
die, Dry matter density in the die, Yg^ increased with 
higher moisture contents until water in excess of that 
necessary to cause flow of material into void spaces caused 
a leveling off of dry matter density, Yg^. Above that 
moisture content, water actually occupied volume that could 
have been filled with forage and the density decreased. 
Figure 30. Gross densities after expansion for 30 minutes, for the varying 
leaf and stem moisture content experiment 
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Figure 31, Dry matter densities after expansion for 30 minutes, Yg?, for the 
varying leaf and stem moisture content experiment 
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Figure 32. Axial wafer strains after expansion for 30 
minutes, for the varying leaf and stem 
moisture experiment (reference density base) 
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The mechanical properties of the stem, changed by the 
moisture content of the stems predominated in determining 
the wafer densities, y^2 Ygg, and wafer strain, ego, 
after expansion of the wafer for 30 minutes. This separated 
the chemical effect of protein level from the mechanical 
effect of stems since with the same level of protein (i.e., 
same level of percent stems, it was possible to cause 
major changes in wafer strain and density by changing the 
mechanical properties of the stems. 
In the actual wafering operation, an undesirable combin­
ation of conditions prevail. The stems are higher in moisture 
than the leaves because of the slower drying rate of the 
stems. The hay conditioner improves the situation by 
increasing the rate of drying of the stems. Water added in 
field wafering in the form of a spray is mainly adsorbed by 
the leaves so the hay enteres the wafering die with relatively 
high moisture content leaves which promotes an optimum bonding 
action and provides lubrication of forage particles to ensure 
maximum dry matter densities in the die. 
A proposed stem dryer^ that would dry high moisture stems 
that were separated from the leaves would provide dry stems 
that could be combined with high moisture leaves to give a 
more waferable product. 
^Buchele, W, P., Ames, Iowa. Alfalfa stem dryer. 
Private communication. 1966. 
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FORAGE PROPERTIES EXPERIMENT 
Introduction 
Each of the previous experiments demonstrated the influ­
ence the amount and characteristics of forage stems had upon 
the strain and density of wafers. This work suggested that 
properties of the forage stems seriously affected the 
behavior of the wafer. When the moisture content of the stems 
was changed, mechanical properties of the stems was changed 
and this in turn significantly affected the final density and 
strain of a wafer. It was concluded that the difference in 
the waferability of various types of forage may be due to 
difference in the percent stems, in the forage, the 
different mechanical properties of the forage stems and the 
difference in protein content and pectin level. Changes in 
maturity of the forage which have been shown to change 
waferability (24) may actually be due to changes in the 
mechanical properties of the stems, the percent stems, -q, and 
the protein and pectin levels. Prince et al. (25) demonstrated 
different mechanical properties of timothy and alfalfa in 
bending tests at different moisture contents, but they did 
not attempt to relate this information to the wafering pro­
cess . 
In this experiment the hypothesis was that measurement 
of the percent stems, 7^, mechanical properties of the stems, 
protein percent and pectin level would give sufficient 
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information to explain the behavior of various types of 
forages in the wafering process. A multiple regression 
approach aided by theoretical Equation l6b and the dimen­
sional analysis was used to relate forage properties to wafer 
density and strain. 
Procedure 
An initial experiment was conducted with several 
different kinds of forage to examine the differences in forage 
properties and to establish procedures for conducting bending 
tests on forage stems. A second experiment was conducted to 
examine the effects of forage maturity upon mechanical pro­
perties of the stems and the related waferability of the 
forage. The apparatus and procedures described in the 
following discussion were used for both experiments. 
Each forage was cut and oven dried at l6o°F for 48 
hours. Prom the dried material, 50 gram samples of dry 
matter were weighed and placed in plastic bags. Water was 
added to the dried forage in the bags to bring the moisture 
content of the material to a selected nominal moisture level. 
The bags of forage and water were stored at 70-75°^ and were 
allowed to reach a uniform moisture content over a period of 
48 hours. Wafering was performed with the previously des­
cribed apparatus and procedures. A nominal 17.3 gram dry 
matter weight was used for each wafer. 
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When each forage was cut a sample of the material was 
selected and placed on a separate drying tray to serve as a 
sample for determination of percent stems by dry matter 
weight. After the material had dried, stems and leaves were 
separated and weighed. 
Bending tests for individual forage stem's were conducted 
with the equipment illustrated in Figures 33, 34, and 35. 
Figure 33 shows the bending test fixture with one end resting 
on a ball joint and the other end resting on a knife edge on 
a stainless steel cantilever beam instrumented with strain 
gages. The stem specimen was placed across the bending 
fixture knife edges 2.04 inches apart and the entire assembly 
was mounted on the load plate of the Rinck-Mcllwaine valve 
spring tester as shown in Figure 34. A cable drive drove the 
loading tip downward at a rate of 0,0158 inches per second 
(Figures 34 and 35). 
The cantilever beam was used as a load cell to detect the 
loading tip force through the use of a calibrated strain gage 
bridge. A maximum load at the midpoint of a specimen of 5 
pounds was anticipated so the beam was designed for a maximum 
load of 2.5 pounds and as much a deflection as practical but 
still capable of producing an adequate signal for recording. 
The rectangular box at the top of Figure 34 is the linear 
motion potentiometer (Computer Instruments Corporation Model 
111) used to detect the displacement of the loading tip. 
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Figure 33. The bending test fixture with one end resting on 
a ball joint and the other resting on a strain 
gage Instrumented cantilever beam 
Figure 34. The bending test fixture and load cell assembly-
mounted on the load plate of the Rinck-Mcllwaine 
valve spring tester 
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An overall view of the bending test apparatus 
showing the cable drive of the loading tip 
Figure 36. Major professor Dr. Wesley P, Buchele and the 
author engaged in a calibration check of the 
Offner Model R oscillograph 
131 
Loading tip force and displacement were recorded with an 
Offner Model R oscillograph shown in Figure 36. 
Bending tests were conducted on stem samples from each 
sample of material wafered according to the following 
procedure. 
1. Stem samples of a nominal 2.5 inch length were 
selected from the remainder of the 50 gram sample that had 
been prepared for wafering. Two diameters of the stems were 
read at two points approximately 1/2 inch either side of the 
center with a micrometer reading to the nearest .001 inch. 
For hollow stem forages the stem was crushed after bending, 
two double thicknesses of the wall were measured averaged and 
the average wall thickness recorded. 
2. The average diameter of the stem was calculated and 
the maximum stem deflection at the center was determined in 
an inverse proportion to the diameter of the stem. The time 
required to reach maximum deflection at the center was cal­
culated on the basis of O.OI58 inches per second rate of 
movement of the loading tip. The following discussion shows 
how an approximation to the same maximum strain at the mid­
point of each stem was obtained. 
Figure 37 Illustrates the shape of the stem after bending 
failure had occurred. An enlarged incremental element of the 
stem at the midpoint of the stem shown in Figure 38 shows the 
geometrical relationships with respect to the stem diameter. 
The dotted lines in Figure 38 indicate the rotated positions 
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Figure 37. The shape of the stem specimen after failure in 
bending 
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Figure 38. An enlargement of an incremental length of the 
stem at the midpoint 
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of plane crossectlons after failure of the stem. 
e  =iM 
= pseudo strain in the extreme fiber of the stem 
d = diameter of the stem, in 
= an Incremental length of stem at the midpoint of 
the specimen, in 
^9 = (see Figure 38) 
For two different stem diameters (subscripts 1 and 2) to 
have the same required that. 
®c 
®c dgAGg/^Xg 
Taking = ^Xg 
However, 
2Z 
tan A0n = -f-
s 
where = deflection at the center of stem 1, in 
and for small angles 
2Zi 
tan A01 - A01 = 
Substituting for and into Equation 21 gives 
Z^ d^ = Zg dg (22) 
Observations in preliminary bending tests indicated that 
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a deflection-diameter product of .01584 would always assure 
that the modulus of rupture would be obtained. Therefore the 
deflection of each stem in the bending test was determined as, 
Z = °'°1584 (23) 
3. After calibration checks a stem specimen placed on 
the bending fixture knife edges, the stem was deformed at 
the center to the maximum deflection calculated by Equation 
23, the maximum displacement was held for 15 seconds and then 
the stem was unloaded at the same displacement rate. Load 
and displacement were recorded throughout the entire run with 
a chart speed of 5 millimeters per second. 
Figure 39 illustrates a set of recorded data for a 
bending test of a stem specimen. Channel 1 shows the load at 
the midpoint of the stem and channel 2 illustrates the dis­
placement of the loading tip. 
Analysis of the Bending Tests 
Figure 40 demonstrates the load deflection curve for a 
stem bending test with 5 percent moisture content alfalfa. 
The deflection represented is the movement of the loading tip. 
Deflection of the center of the stem was the deflection of the 
loading tip minus one-half the deflection of the cantilever 
beam of the bending fixture assembly. 
Table 1 includes properties to be used in describing the 
behavior of the stems and to distinguish between different 
Figure 39. Oscillograph chart of a "bending test of a single stem specimen 
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forage stems. These properties are g . which is a modulus 
of rupture; the secant modulus for the material; ggj the 
permanent bending strain of the stem; and the energy per 
unit volume of stem. These data were reduced and calculated 
from the oscillograph chart in the following manner: 
1. Modulus of rupture, ^ 
Maximum load was read from the oscillograph chart 
and the modulus of rupture in bending, was calculated 
using the flexural stress formula, 
(24) 
,2 
M c 
Os - I 
Q-g = modulus of rupture, lbs/in' 
M = maximum bending moment in the stem, Ib-in 
c = radius of the stem, in 
I = moment of inertia of the solid or hollow stem 
li 
crossection, in 
2. Secant modulus, K 
Because the load diagram of Figure 40 was nonlinear 
and likewise the stress strain diagram was nonlinear a 
secant modulus was determined by finding the slope of a line 
from the origin to a maximum strain of 0.0075 in/in. 
For a simply supported stem loaded at the midpoint, 
P 
S 
Z = deflection of the center of the stem, in 
P = load at the midpoint of the stem, lbs 
Lg= length of the stem between supports, in 
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p 
Kg= secant modulus for the stem material, lbs/In 
ThereforeJ 
p 1.2 
«8 (26) 
Deflections of the various diameters of stems for the maximum 
strain of 0.0075 in/in were calculated as follows: 
P L d 
S = (27) 
5 = extreme fiber stress at the midpoint of the stem, 
lbs/in^ 
d = average diameter of the stem, in 
Substituting for S and K from Equations 26 and 27, 
6 = 0.0075 = ^ -§-5 
Ls 
Substitution for gave, 
Z = 0.0052 (28) 
Equation 28 was used to calculate the deflection at the mid­
point of a given diameter stem to give a maximum strain of 
0.0075 in/in. With the deflection known from the above P 
was determined from the recorder charts and Equation 26 was 
used to calculate the secant modulus, K^. Deflection at the 
midpoint of the stem due to deflection of the cantilever beam 
was added to the above deflection to establish the proper 
location on the recorder chart for reading the load P. 
l4o 
3. Permanent bending strain, gg. 
From the oscillograph chart It was possible to obtain 
the maximum deflection of the stem at the midpoint, Z , and 
the amount that the stem returned, as it was unloaded. 
Therefore 0^ was determined as: 
(Z - Z„)6d 
= -ri—— = 1.442 d - z,) (29) 
This was considered to be a property of the stems that 
would determine the amount a wafer would expand due to the 
straightening of the stems. 
4. Energy per unit volume of stem, E^. 
The shaded area In Figure 4o illustrates the energy 
that was dissipated by the stem in the course of the bending 
test. This net energy was determined from the oscillograph 
charts by using a planlmeter to find the area under the loading 
curve up to the maximum deflection followed by subtraction of 
the area under the unloading curve. Because the chart speed 
was 5 millimeters per second and the speed of the loading tip 
was a constant O.OI58 inches per second, it was possible to 
convert chart area to energy in inch-pounds. With a load 
calibration of 0.1 pound per millimeter of chart deflection 
conversion of chart area to energy was 0.03168 inch-pounds 
per square centimeter. Because the energy returned to the 
loading tip was removed from the energy applied to the stem, 
cantilever, beam system in the loading phase, the net energy 
l4l 
applied to the stem was obtained. Therefore, 
(30) 
= energy dissipated in the bending test, in-lbs 
2 Ag = area of the stem crossection, in 
Lg = length of the stem specimen, in 
Initial Investigation 
Wafering and bending tests as well as protein and pectin 
determinations were conducted with several different kinds of 
forages to examine the range and type of differences in the 
variables assumed to influence waferability. Table 43 des­
cribes the forages wafered in the initial investigation. 
Table 44 summarizes the dependent variables, gross density 
in the die, dry matter density in the die, and 
strain after 30 minutes, e-., that were related to the 
independent variables by multiple regression techniques. A 
complete summary of the initial investigation, including 
properties of the material and bending test results, is given 
in Appendix A. 
Gross density in the die, 
Figure 4l illustrates gross density, Y^^, as a function 
of moisture content for the nine forages wafered in the 
initial Investigation. Near the 15 percent moisture content 
the three maturities of third-cutting alfalfa and the soybean 
hay show a marked deviation from the general trend and 
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Table 43. Forages wafered in initial investigation 
Forage Date harvested 
Oat straw August 12, 1965 
Soybean hay August l4, 1965 
Bromegrass - extremely mature August 17, 1965 
Quackgrass August 18, 1965 
Sweet clover - full bloom August 23, 1965 
Alfalfa stems - first cutting July 29, 1965 
Alfalfa - third cutting - prebud August 12, 1965 
Alfalfa - third cutting-1/10 bloom August 22, 1965 
Alfalfa - third cutting - full bloom September 11, I965 
Table 44, Dependent variables used in the initial investiga­
tion in the forage properties experiment 
Moisture content, m Gross density Dry matter Strain after 30 
percent (w.b.) in the die, density in minutes, 
the die, 
Ibs/ftJ lbs/ft^ 
Oat straw 
0.00 62.01 62.01 1.425 
6.52 67.23 62.85 1.236 
11.63 74.17 65.54 1.531 
20.58 82.50 65.51 3.001 
Soybean hay 
0.00 57.83 57.83 0.806 
6.29 64.56 60.50 0.707 
14.17 81.07 69.58 0.767 
23.72 82.49 62.93 1.482 
Table 44 (Continued) 
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Moisture content, m Gross density-
percent (w.b.) in the die, 
lbs/ft3 
Dry matter Strain after 30 
density in minutes, 
the die, Yo-. 
lbs/ft^ 
Bromegrass - extremely mature 
0.00 59.78 59.78 1.451 
6.54 67.55 63.13 1.125 
13.36 76.12 65.95 1.897 
20.73 82.68 65.54 4.165 
Quackgrass 
0.00 61.24 61.24 1.368 
5.56 67.55 63.79 1.177 
12.63 77.13 67.39 1.584 
19.35 81.57 65.78 3.274 
Sweet clover - full bloom 
0.00 51.49 51.49 1.121 
6.04 58.06 54.55 0.971 
11.97 73.40 64.61 1.481 
18.58 80.29 65.37 2.025 
Alfalfa stems - first cutting 
0.00 58.65 58.65 1.255 
6.65 65.60 61.24 1.058 
9.70 71.36 64.43 1.156 
13.39 75.49 65.38 1.418 
17.70 79.36 65.31 1.789 
21.20 83.36 65.68 2.422 
24.66 83.84 63.16 3.214 
Alfalfa - third cutting - prebud 
0.00 59.89 59.89 0.830 
6.10 67.15 63.05 0.672 
13.55 82.32 71.17 0.658 
23.14 82.69 63.56 0.721 
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Table 44 (Continued) 
Moisture content, m Gross density Dry matter Strain after 30 
percent (w.b.) In the die, density In minutes, 
the die, 
lbs/ft^ lbs/ft3 
Alfalfa - third cutting - 1/10 bloom 
0.00 61.10 61.10 0.808 
5.59 65.38 61.73 0.717 
14.13 83.63 71.81 0.576 
22.03 84.43 65.83 0.890 
Alfalfa - third cutting - full bloom 
0.00 61.94 61.94 0.815 
6.82 69.97 65.20 0.726 
15.13 83.30 70.70 0.883 
22.08 83.26 64.87 1.794 
grouping of the data. Also, sweet clover at zero and around 
5 percent moisture was noticeably lower In density than the 
other forages. 
Figures 42 and 43 show that the data presented in Figure 
4l actually plots as two different curves with different 
characteristic behaviors of gross density, as a function 
of moisture content. In Figure 42, gross density for the 
three maturities of third cutting alfalfa and soybean hay 
tends to reach a maximum or level off in the neighborhood of 
15 percent moisture. This tendency was noted previously in 
the stem experiment with varying quantities of alfalfa stems. 
Apparently there is a crucial moisture content for this 
material at which maximum density in the die, will occur. 
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Volume occupied by the water is greater than the reduction in 
volume caused hy the lubrication effect. Oat straw, quack-
grass, "bromegrass and first cutting alfalfa stems gross 
densities in the die, (Figure 43), showed no tendency to 
peak at a given moisture content. Over the range of moisture 
in the tests, density increased with moisture content in a 
nearly linear fashion. 
A linear multiple regression model, 
\l = @0 + Bi" + P2®s + + e#s + B5®s + Pel 
+ P7^ PI- + esfpe + (31) 
was fit to the data using the method of Least Squares. The 
variable, m, was included because Equation 4 illustrates the 
linear effect of moisture content on gross density in the die. 
Table 45 summarizes the results of fitting the data with the 
above model. The multiple indicates that more than 95 
percent of the total sum of squares is accounted for by the 
regression. Comparison of the calculated t values with 
tabulated t's showed that the estimators (b's) of the p's 
for energy per unit volume. Eg, percent stems, ^ and pectin 
level, P , were not significant at the 20 percent level. pe 
The following linear model of a reduced number of variables 
was fitted to the data. Table 46 summarizes the results. 
\l = Po + ^ 32 s^ ^ 33^8 + P4^s + (32) 
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Table 45. Results of the linear multiple regression of gross 
density In the die, for model Equation 31 
Source Degrees of freedom Sum of squares Mean square 
Regression 
Residual 
Total 
P = 72.41 
Standard error =2.46 
Variable 
Dependent 
8 3.5017 03^ 4.3772 02 
30 1.8134 02 6.0446 00 
38 3.6831 03 
Multiple = 0.951 
R = 0.975 
b value Standard error of b t value 
Y 11 
m 
Gs 
cs 
Ks 
E_ 
pe 
•pr 
5.8427 01 
8.5072-01 
2.2261 01 
-2.0288-03 
2.1383-05 
2.7293-01 
7.6476-03 
2.2323-01 
-5.3117-03 
5.4992 00 
7.4961-02 
1.3477 01 
4.3622-04 
4.2689-06 
3.3534-01 
2.2851-02 
1.1673-01 
5.4704-02 
10.592 
11.459 
1.652 
-4.651 
5.009 
0.814 
0.335 
1.912 
-0.097 
tgQ = 1.310 
^The final two digits indicate plus or minus powers of 
10 to be multiplied by the number. 
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Table 46, Results of the linear multiple regression of gross 
density in the die, for model Equation 32 
Source Degrees of freedom Sum of squares Mean square 
Regression 5 3.4851 03 6 .9702 02 
Residual 33 1.9798 02 5 .9993 00 
Total 38 3.6831 03 
P = 72.41 Multiple R^ = 0.946 
Standard error = 2.45 R = 0.973 
Variable b value Standard error of b t value 
Dependent 5.9112 01 1.7799 00 33.210 
m 8.8301-01 6.9553-02 12.700 
Cg -2.0265-03 4.1022-04 -4.940 
1.8589-05 3.6513-06 5.091 
Eg 5.6225-01 2.7681-01 2.031 
Ppr 2.3364-01 6.6599-02 3.508 
% =2-034 
All the "b's were significant at the 5 percent level or 
2 greater and the multiple R was 0.946 (the regression account­
ing for 94.6 percent of the total sum of squares). A very 
2 
small reduction in the multiple R occurred with the reduced 
model. The reduced model indicates that stem properties, 
Eg and are important in determining gross density in 
the die and that percent protein, and moisture content. 
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m, are also Important. Prom the previous analysis, the 
equation for prediction of gross density in the die becomes 
59.11 + 0 .8830 m - 0.002026 + 0.00001859 Kg + 
0.5623 Eg + 0.2336 Ppy (33a) 
A positive influence is shown for moisture content, m, secant 
modulus. Kg, unit energy, E^, and protein, An increase 
in modulus of rupture, indicates a reduction of density 
in the die. 
Dry matter density in the die, 
Figure 44 shows dry matter density in the die as a 
function of moisture content for the nine forages wafered in 
the initial investigation of forage properties. Soybeans and 
the three different maturities of third cutting alfalfa were 
noticeably denser than the other forages near the 15 percent 
moisture level. 
Figure 45 shows separately dry matter densities in the 
die for soybeans and the three maturities of third cutting 
alfalfa while Figure 46 (also taken from Figure 44) indicates 
the dry matter densities for quackgrass, oat straw, brome-
grass and first cutting alfalfa stems. In both graphs, a 
peak dry matter density occurs at or near 15 percent moisture 
content indicating that sufficient moisture is necessary to 
lubricate particles and attain compaction of the material in 
the die, but a further increase in moisture displaces forage 
particles and results in a net decrease in dry matter density 
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in the die. Comparison of Figures 45 and 46 indicates that 
the two forage groups are quite different and these differences 
cannot be attributed to moisture content but must be due to 
differences in the levels of the other variables affecting 
wafering. 
Actually these differences in the forage material are 
explained for the most part by and shown in 
Equation 33a. Dry matter density in the die, is 
established by multiplying gross density, by 1 - m/100 
so therefore there is a linear relationship between gross 
density in the die, Y^^, and dry matter density in the die. 
Equation 33a may be used to predict dry matter density in the 
die in the form, 
Yg^ = (1 - m/100) Y^^ (34) 
Wafer strains after expansion for 30 minutes, £^3 
Figure 47 summarizes wafer strains, after expansion 
for 30 minutes, for the nine forages wafered in the initial 
investigation of properties of the forage. Soybean hay and 
the three maturities of third-cutting alfalfa form one group 
of data while the oat straw, bromegrass, quackgrass, sweet 
clover and first cutting alfalfa stems form a second group of 
data of different strains. The greatest divergence in strains 
for the various forages occurs at the higher moisture contents. 
The differences in strains for the various forage materials 
must be attributed to properties of the material other than 
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moisture content. Figures 48 and 49 illustrate modulus of 
rupture, for the stems as a function of moisture content. 
Comparison of Figures 48 and 49 with Figure 47 shows that the 
single property, is not adequate for explaining the 
differences in strain. For example, bromegrass and prebud 
alfalfa have similar modulus of rupture curves versus 
moisture content but have very different strain, versus 
moisture content curves. Therefore, the multiple regression 
approach was used to examine the importance of the various 
independent variables. 
The first model examined was 
®33 = Bo + Si® + pgGg + Bgcg + 34 ^ s + P5 ^ s + %% 
+ Pyneg + ^Qr]\ + + Piori + 
+ @12^pe (35) 
Table 47 summarizes the results with the model of Equa­
tion 35. Interactions of percent stems with stem properties 
and moisture content were included because it was found in 
the varying percent stem experiments that the percent stems, 
r], by moisture content interaction was significant. Also, 
stem properties are more Important in the wafering process 
when greater percentages of the stems are present. Few of 
the b's in Table 47 were significant at the 20 percent level. 
Examination of the correlation matrix (Table 48) for this 
experiment illustrates that moisture content and several of 
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Table 4?. Results 
egg, for 
of linear multiple regression of 
model Equation 35 
strain. 
Source Degree of freedom Sum of squares Mean square 
Regression 13 2.9146-05 2 .2420-06 
Residual 25 8.4434-06 3 .3773-07 
To tal 38 3.7590-05 
F  =  6 .  638 Multiple R^ = 0.775 
Standard error = 5• 811-04 R - 0.881 
Variable b value Standard error of b t value 
Dependent ®33 1.0015 00 1.5155-03 660.863 
m 2.6924-05 5.0497-05 0.533 
eg 3.0145-03 8.4540-03 0.356 
cs 3.9210-07 2.7321-07 1.435 
^s 
-2.4844-09 2.6935-07 -0.922 
Es -2.9779-04 2.1107-04 -1.411 
r^ m 8.4469-07 6.9157-07 1.221 
'n^s -1.1083-03 1.3481-03 -0.822 
-3.4608-09 4.0064-09 -0.864 
2.3967-11 4.0559-11 0.591 
n^s 3.2607-06 3.2001-06 1.019 
n -1.2001-05 2.1968-05 -0.546 
^pr -9.0112-05 3.3157-05 -2.718 
^pe 1.2469-05 1.6003-05 0.797 
^20 ~ ^ * 31^ 
l6l 
Table 48. Correlation matrix for Initial Investigation of 
properties of the forage 
[ 1 ^21 ^33 m ®s cs Ks 
\l 1.00 
^21 0.82 1.00 
0,36 0.08 1.00 
m 0.94 0.59 0.46 1.00 
Gs -0.13 -0.12 -0.27 -0.11 1.00 
«^s -0.70 -0.57 -0.34 -0.66 -0.22 1.00 
^s -0.51 -0.35 -0.23 -0.52 0.03 0.92 1.00 
^s -0.69 -0.56 -0.32 -0.65 o.4i 0.92 0.80 1.00 
0.71 0.38 0.67 0.79 -0.07 -0.59 -0.51 -0.55 
neg -0.10 -0.19 0.12 -0.01 0.70 -0.03 -0.21 0.20 
"ncTg -0.64 -0.62 -0.04 -0.54 0.17 0.81 0.72 0.84 
71^8 -0.46 -0.43 0.13 -0.39 -0.02 0.70 0.75 0.70 
n^s -0.59 -0.58 0.01 -0.49 0.29 0.62 0.49 0.78 
"n. -0.01 -0.11 0.51 0.07 -0.04 -0.28 -0.33 -0.l4 
^pr 0.09 0.14 -0.66 0.03 0.09 0.12 0.07 -0.02 
^Pe -0.03 -0.02 0.54 -0.01 0.08 -0.28 -0.24 -0.12 
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Table 48 (Continued) 
nm nsg -nag n ^pr ^pe 
1.00 
neg 0.33 1.00 
ncg -0.33 0.27 1.00 
-0.18 0.16 0.92 1.00 
ifs 
o
j oj 0
 1 0.50 0.92 0.82 1.00 
n 0.55 0.64 0.22 0.28 0.44 1.00 
^pr -0.32 -0.39 -0.29 -0.41 -0.44 -0.70 1.00 
^pe 0.28 0.27 0.01 0.13 
I—
i oj o
 0.61 
-0.78 1.00  
the stem properties have relatively high simple correlation 
coefficients indicating a lack of independence of the so-
called independent variables. This causes many difficulties 
in extracting the influence of a single independent variable 
upon the dependent variable. 
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A simpler linear model shown below was fit to the data. 
£33 = Bo + Pi"! + Bgcs + 93^8 + a4®s + ^ P6^^s 
+ d-jrfs + Pgrfs + Pcfpr (36) 
The results with this model are shown in Table 49. The 
b's for moisture content, m, modulus of rupture, q-^, and 
percent protein, were significant at the 5 percent level 
or better. Secant modulus, K^, unit energy, E^, and the 
percent stems by modulus of rupture interaction were signi­
ficant at the 10 percent level. Only a slight drop in the 
2 
multiple R occurred while the standard error was reduced. 
Moisture content influences how tightly the material will 
pack in the die so, likewise, it was found to influence the 
magnitude of the final strain of the wafer. In both models 
some property of the stem had an effect upon the resultant 
strain of the wafer and percent protein also had an effect. 
It is concluded from this that moisture content, m, mechanical 
properties of the stems, and protein content of the material 
are valuable estimators of the expansion strain of a wafer 
and thus its final density. The simple linear model shown 
below is capable of predicting wafer strain, £33^ to the 
extent of accounting for 75 percent of the total sum of 
squares for the data in the initial investigation. 
633 = 1.002 + 0.00008196 m + 0.0000005218 CTg -
0.000000003900 K - 0.0002416 Eg - 0.0006568 -
0.000000005260 Ticg + 0.00000000004311 + 
0.000002258 r]Eg - 0,0001172 P (37a) 
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Table 49. Results of linear multiple regression of strain, 
ego, for model Equation 36 
Source Degree of freedom Sum of squares Mean square 
Regression 9 2.8359-05 3. 1510-06 
Residual 29 9.2310-06 3.1831-07 
Total 38 3.7590-05 
P = 9.90 Multiple R^ = 0.754 
Standard error = 5.642-04 R = 0.869 
Variable b value Standard error of b t value 
Dependent ^33 1.0019 00 5.0906-04 1968.077 
m 8.1959-05 1.8608-05 4.405 
crs 5.2175-07 1.9400-07 2.689 
Ks -3.8997-09 2.0851-09 -1.870 
^s 
-2.4162-04 1.2796-04 -1.888 
-6.5684-04 4.5489-09 -1.444 
-5.2597-09 2.9480-09 -1.784 
4.3110-11 3.1184-11 1.382 
n^s 2.2581-06 2.1481-06 1.051 
-1.1719-04 2.1333-05 -5.493 
ho = 1.699 
S 
= 2.045 
Equations 3I through 37a can be interpreted in terms of 
the dimensional analysis and Equation I8 as follows: 
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1. The terms g . rij and m are dimensionless S ' px^ p 6 
terms as they stand. (Moisture content, m, has been 
added to the original group of tt terms shown in 
Equation l8.) 
2. Because q., the waferlng pressure, was constant at 
4000 psi, Q. J Kg and E^ can be changed respectively to 
cg/cyj Kg/a, by multiplying each coefficient of 
and E by 4000. 
Gross density in the die, was considered as a 
dependent variable, was dropped from the list of variables 
in Table 1 (because includes the effects of Y^) and m, 
moisture content, was included. Application of dimensional 
analysis then gave 
^11^ ^ Cm 1 ^ ^  JL P P 
a ' D' c ' tg_" ^^2' c ' c ' Gg, n; pr' pe' 
C Pt^ 
(38) 
D 
Diameter of the waferlng die, D, and waferlng pressure, 
were constant so conversion of Equation 33a to a dimensionless 
form required multiplication by the constant 
1725; = 1-808 ^  10'? 
Therefore, Equations 33a and 37a become 
Y.-jD CT_ K E 
= [10690 + 159.7 m - 1466 — + 13.45 — + 40680 — 
a cr a a 
+ 42.25 P y] X 10-9 (33%) 
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Coq = 1.002 + 0.00008196 m + 0.002087-^^ 
J J CT 
, Kg 
- 0.9664 — + 0.00000017244 n — + 
<7 CT 
- 0.0001172 P 
Forage Maturity Investigation 
Introduction 
The initial investigation supported the hypothesis that 
stem properties, protein level and moisture content influenced 
the density and strain of a forage wafer. It was known that 
maturity of the forage influences waferability, but the extent 
to which it affected waferability and the properties of the 
material significant in the prediction of waferability was not 
known. This investigation was therefore designed to relate 
these properties to the waferability of the forage. After a 
series of prediction equations, based on the data for four 
forages, were developed, the behavior of several different 
forages was predicted and compared with actual densities and 
strains, 
Procedure 
Approximately 30 by 100 feet plots of alfalfa, oats, 
Kentucky bluegrass and bromegrass were staked out previous to 
any significant growth of the forages. Material was harvested 
from the plots at weekly intervals throughout a period of 
approximately 6 weeks. The dates when the forages were 
harvested are shown in Table 50. 
- 0.00001560 — 
E/ 
0.009032 ri 
cr 
(37b) 
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Table 50. Harvest dates for the forages wafered in the 
maturity investigation 
Forage Dates harvested 
Alfalfa 
Kentucky bluegrass 
Bromegrass 
Oats 
Orchardgrass 
Tall fescue 
Meadow foxtail 
Creeping foxtail 
Bromegrass 
Reed canarygrass 
Red clover 
May 23, 1966 
May 30, 1966 
June 6J 1966 
June 13, 1966 
June 20, I966 
June 27, 1966 
May 25, 1966 
June 1, 1966 
June 8, 1966 
June 15, 1966 
June 22, 1966 
June 29, 1966 
May 27, 1966 
June 3, 1966 
June .10, 1966 
June 17, 1966 
June 24, 1966 
July 1, 1966 
May 31J 1966 
June 7, 1966 
June l4, 1966 
June 21, 1966 
June 28, 1966 
July 5, 1966 
June 
June 
June 
June 
June 
June 
June 
11, 1966 
11, 1966 
11, 1966 
11, 1966 
11, 1966 
11, 1966 
11, 1966 
Each forage was harvested, dried, prepared for wafering 
and bending tests, and wafers were made and stem bending tests 
were conducted according to previously described procedures. 
l68a 
Nominal moisture contents of 5^ 10, 15, 20, and 25 percent 
were selected for this experiment. Protein and pectin 
determinations were made on ground samples taken from the 
material of one half the number of wafers made for each 
forage-maturity combination. 
Seven additional forages at one stage of maturity were 
harvested on June 11, 1966, from experimental grass plots at 
the Iowa State University research farm at Albia, Iowa. The 
prediction equations developed from the data for oats, 
alfalfa, bromegrass and Kentucky bluegrass were to be used to 
predict wafer densities and strains for these forages. The 
predicted and measured values were compared. 
Results 
A complete summary of processed data for the investiga­
tion is tabulated in Appendix B, Figures 76, 77, 78, and 79, 
including wafer densities, strains, properties of the forages 
and the results of the stem bending tests. 
Figures 50 through 5^ show gross and dry matter densities 
in the die and for the four forages of different 
maturities and the forages harvested at the Albia experiment 
farm. In all cases there was a characteristic peak in dry 
matter density in the range from 10 to 15 percent moisture. 
It was illustrated in earlier investigations and it was 
confirmed in this investigation that sufficient moisture is 
required to reduce interparticle friction to allow flow of 
l68b 
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Wafer densities in the die vs. moisture content 
for various maturities of alfalfa 
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Figure 51 Wafer densities in the die vs. moisture content 
for various maturities of Kentucky bluegrass 
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Figure 52. 
MOISTURE CONTENT -  PERCENT -  (W.B.)  
Wafer densities in the die vs. moisture content 
for various maturities of bromegrass 
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Figure 53. 
MOISTURE CONTENT -  PERCENT -  (W.B.)  
Wafer densities in the die vs. moisture content 
for various maturities of oats 
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material into pore spaces tut when the moisture content is 
increased above that point dry matter density in the die is 
reduced because the water occupies volume that otherwise would 
be occupied by the forage. Figure 53 shows the theoretical 
dry matter density calculated on the basis of Equation 4 and 
the reference dry matter density, for the earliest harvest 
of oats. 
\l theo. = (1 -
The slope of the theoretical curve is similar to the trend 
of data for moisture contents beyond 20 percent. Apparently 
dry matter density in the die follows the theoretical equation 
above for the higher moisture contents. 
Greater maturity tended to produce lower densities in the 
die. This trend was most consistent with oats than with the 
other forages. With alfalfa, Kentucky bluegrass and brome-
grass, the trend was variable, and in many instances a more 
mature forage gave greater densities in the die than younger 
forages. For all four forages, the most mature forage was 
always less dense than the youngest forage, The order of 
descending densities in the die was oats, alfalfa and brome-
grass, and Kentucky bluegrass. 
Figures 55 through 59 illustrate dry matter density after 
expansion of the wafer for 30 minutes as a function of moisture 
content. For all forage there was a decline in wafer dry 
matter density, with moisture content. The advantage of 
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Figure 55, Wafer dry matter densities after expansion for 30 
minutes vs. moisture content for various maturities 
of alfalfa 
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Figure 56. 
MOISTURE CONTENT -  PERCENT -  (W.B.)  
Wafer dry matter densities after expansion for 30 
minutes vs. moisture content for various 
maturities of Kentucky bluegrass 
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Figure 57. Wafer dry matter densities after expansion for 30 
minutes vs. moisture content for various 
maturities of bromegrass 
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Wafer dry matter densities after expansion for 30 : 
minutes vs. moisture content for various maturities 
of oats 
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Figure 59. 
MOISTURE CONTENT -  PERCENT -  (W.B.)  
Wafer dry matter densities after expansion for 30 
minutes vs. moisture content for the forages 
harvested at the Albia experiment farm 
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the greater densities in the die with about 15 percent 
moisture content was lost as the wafer expanded, for all but 
the forages harvested at the earliest dates. For the very 
young forages, a peak dry matter density occurred near the 10 
to 15 percent moisture content. 
Increasing maturity resulted in a reduction in dry matter 
density, for all the forages. This was particularly 
true for oats and for the change in maturity from the first 
harvest date to the harvest one week later for the other 
forages. After the first two harvests, the change in density 
of the wafers, was relatively small as the forage 
continued to mature. Oats was an exception for there was a 
large change in density from the second week of harvest to 
the third harvest. Percent stems increased and protein con­
tent decreased in very large increments from the first 
harvest of oats to the third harvest. Percent stems, -q, and 
protein content, P^^,, were respectively for the first three 
harvest of oats; 10.3, 17.3, and 57.4; and 19.9, l4.6 and 11.4. 
Similar changes also occurred with the other forages. 
Figure 59 illustrates that there was not much difference 
in wafer density, Ygo, between the various grasses. However, 
the difference between the density of the legume, red clover, 
and the different grasses was 10 pounds per cubic foot or more 
over the entire range of moisture content. 
Figures 60 through 64 illustrate the strain after 30 
minutes, g-?. Differences in forages and Maturities similar 
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Figure 60, Wafer strains after 30 minutes vs. moisture 
content for various maturities of alfalfa 
(reference density base) 
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Figure 6l. Wafer strains after 30 minutes vs. moisture 
content for various maturities of Kentucky 
bluegrass (reference density base) 
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Figure 62. Wafer strains after 30 minutes vs. moisture 
content for various maturities of bromegrass 
(reference density base) 
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Figure 63. 
MOISTURE CONTENT -  PERCENT -  (W.B.)  
Wafer strains after 30 minutes vs. moisture 
content for various maturities of oats 
(reference density base) 
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Figure 64. Wafer strains after 30 minutes vs. moisture 
content for the forages harvested at the Albia 
experiment farm (reference density base) 
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to those illustrated with dry matter density, Yg?, are shown 
in these figures. Increased strain was noted as the forage 
matured, and oats indicated the greatest change in strain with 
respect to forage maturity, Figure 64 illustrates the differ­
ence in strain "between a red clover and the group of grasses 
harvested from the Albia experimental plots. Red clover 
exhibited much less strain of expansion than did the grasses. 
Differences from forage to forage and maturity to 
maturity within a forage must be accounted for by measured 
properties of the material. Figures 65 through 69 show 
modulus of rupture, from the stem bending tests. A trend 
toward increased modulus of rupture occurred as the forage 
matured while higher moisture contents resulted in a reduction 
in modulus of rupture for all forages. The single property, 
modulus of rupture, does not account for differences in the 
final dry matter density of the forages, because density 
declined with moisture content as did modulus of rupture, 
but wafer density also declined with increased maturity while 
the opposite was true with modulus of rupture. Therefore, 
additional terms must be included to account for the 
difference in behavior of the various maturities and types of 
forages. The other properties of the forage material from 
bending tests on stems and protein and pectin determinations 
were used in a multiple regression approach to account for 
differences in the forages. 
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Figure 65. Modulus of rupture vs. moisture content for 
various maturities of alfalfa 
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Figure 66. 
MOISTURE CONTENT - PERCENT - (W.B.) 
Modulus of rupture vs. moisture content for 
various maturities of Kentucky bluegrass 
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Figure 67. Modulus of rupture vs. moisture content for 
various maturities of bromegrass 
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Figure 68. Modulus of rupture vs. moisture content for 
various maturities of oats 
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Figure 69. Modulus of rupture vs. moisture content for the 
forages harvested at the Albia experiment farm 
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Multiple regressions 
Several possible linear and multiplicative combinations of 
TT terms shown in Equation 38 were related to the dependent tt 
term including gross density in the die, through a 
multiple regression fit of the model to the data for the 
four forages of various maturities. The following linear 
combination of Ti terms was selected as an adequate model for 
the data. 
^11® 2 (Tg K E 
+ Pgm + P3 — + 34 ~ + 35 ~ Brror 
(39) 
The estimators (b's) of the coefficients through are 
given in Table 51. The b's are all significant at the 0.1 
percent level except for b^. Moisture content, m, and stem 
properties are shown to be Important variables in predicting 
the gross density of the wafer to be obtained In the die. 
The prediction equation for gross density in the die, 
shown below was tested by predicting the gross densities in 
the die for the wafers made from the forages harvested at 
the Albla experiment farm. 
Y^l = g [IO585 + 502.50 m - 13.129 m^ - 532.54 — 
K E 
+ 2.7160 — + 212790 —1 X io~5 (4o) 
a a 
Predicted value of versus measured values of Y^^ are 
plotted in Figure 70. The line In Figure 70 is a line of 
zero error. Maximum error in predicting gross density in the 
\ 
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Table 51. Results of multiple regression of gross density In 
the die TT term for model Equation 39 
Source Degree of freedom Sum of squares Mean square 
Regression 5 1.0026-10 2.0051-11 
Residual ll4 1.0895-11 9.5572-14 
Total 119 1.1115-10 
P = 209.80 Multiple R^ = 0.902 
Standard error = 3.0914-07 R = 0.950 
Variable b value Standard error of b t value 
11 Dependent 
G 
1.0585-05 2.5092-07 42.180 
m 5.0250-07 3.2706-08 15.334 
fs 
G 
-5.3254-07 6.7436-08 -7.897 
S 
a 
2.7160-09 2.0838-09 1.303 
fâ 
G 
2.1279-04 4.6893-05 4.538 
-1.3129-08 1.0498-09 -12.506 
^05 = 1.981 
die was 6.22 percent, too high a value for lowest moisture 
content meadow foxtail forage. Figure 80, Appendix C, 
tabulates predicted and measured values of gross density in 
the die and the magnitude of error. Equation 40 tended to 
predict higher densities in the die than actually present for 
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Figure 70. Predicted vs. measured values of wafer gross 
densities in the die for the forages harvested 
at the Albia experiment farm 
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the Albla forages. Twenty-eight of the 35 predicted values 
were higher than the measured values. 
Gross densities of the wafer after expansion for 30 
minutes, (i.e., the final or stable value) were related 
to the stem properties, moisture content and protein content 
in accordance with the following model equation. 
Y 1)3 
"T" = Po + Pi°^ + + Ps-n + 34V ^  — 
cr a 
+ gyrim + 38^  3^^ ~ + 3io + ^ rror (4l) 
Table 52 shows the results of the multiple regression 
2 
analysis. A multiple R of O.927 was obtained and all b's 
were significant at the 5 percent level or better. The 
importance of the quantity of stems and the interactions of 
percent stems with moisture content and mechanical properties 
of the stems are shown by the statistical significance of the 
b's for each of these terms. This supported the results of 
the stem experiments and the varying leaf and stem moisture 
experiments. The importance of protein content independent of 
percent stems was also indicated. 
The following prediction equation for the final gross 
density, was tested by predicting the behavior of the 
forages harvested from the Albia experimental plot. 
Yio = ^  [30625 + 328.56 m - 8.4225 m^ - 57.950 7^ 
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Table 52. Results of multiple regression of the final gross 
density, for model Equation 4l 
Source Degree of freedom Sum of squares Mean square 
Regression 10 
Residual 109 
Total 119 
F = 138,44 
Standard error = 0.1035 
1,4832 01 1.4832 00 
1.167800 1.0714-02 
1.6000 01 
Multiple R^ = 0,927 
R = 0.963 
Dependent 
Variable b value Standard error of b t value 
Y13D-
¥ 
V 
m 
P pr 
W 
ctD' 
T) 
a 
fs 
a 
Tp 
cr 
E. 
r\ 
m 
3.0625 00 
-5.7950-03 
3.2856-02 
4.5007-02 
-3.6687 05 
3.4017-03 
-2.6813 02 
-2.4152-04 
-2.3339-03 
5.7838 00 
-8.4225-04 
5.1334-01 
1.8003-03 
1.5961-02 
2.3401-03 
8.6l48 o4 
7.3166-04 
2.9124 01 
1.0009-04 
4.4341-04 
4.9694-01 
3.6741-04 
5.966 
-3.219 
2.058 
19.233 
-4.259 
4.649 
-9.207 
-2.413 
-5.264 
11.639 
-2.292 
= 1.981 
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+ 450.07 P _ + 34.017 — - 2681300 — - 2.4152 nm 
CT CT 
- 23.339 n — + 57838 n ~ - 3668900000 -^1 X 10"^ 
CT ' CT 
(42) 
Figure 71 shows a comparison of predicted and measured values 
of final wafer gross density, Equation 42 tended to 
predict values too high for density of grass wafers and too 
low for the red clover wafers. A maximum error in predicting 
density of orchardgrass wafers of slightly more than 100 
percent occurred (Figure 80). This indicates that Equation 42 
is valuable in identifying factors that influence the 
waferability of a forage, but may only give crude approxima­
tions of actual wafer density for an unknown forage. Accuracy 
in the prediction of the density of oats, alfalfa, bromegrass 
and Kentucky bluegrass should be better because they were the 
basis for Equation 42. 
Equation 4l was fit separately to the grasses data in 
the maturity investigation (bromegrass, oats and Kentucky 
bluegrass) and the alfalfa data to determine if increased 
accuracy would be obtained in predicting the final wafer 
densities of grasses and legumes separately. Tables 53 and 
54 show the results of the regressions for the grasses and 
alfalfa respectively. For the grasses there was little 
change in the coefficients of the various terms (b's) but 
for alfalfa there were large changes in the coefficients 
including some changes of sign. Many of the coefficients for 
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Figure 71. Predicted vs. measured values of wafer gross 
densities after 30 minutes for forages harvested 
at the Albia experiment farm 
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Table 53. Results of multiple regression for final gross 
density, for the maturity data for grasses 
Source Degrees of freedom Sum of squares Mean square 
Regression 
Residual 
Total 
10 
79 
89 
F = 85.51 
Standard error = 0.1095 
1.0256 01 
9.4762-01 
1.1204-01 
Multiple R^ = 0.915 
R = 0.957 
1.0256 00 
1.1995-02 
Variable b value Standard error of b t value 
Dependent In. 
D-
W 
n 
m 
^pr 
¥ 
a 
fs 
(J 
nm 
n 
a 
E, 
m 
3.0098 00 
-5.7897-03 
2.9025-02 
4.7841-02 
-3.6203 05 
3.5615-03 
-2.6819 02 
-2.0647-04 
-2.4941-03 
5.8556 00 
-7.494-04 
7.0244-01 
2.1294-03 
1.9669-02 
7.4504-03 
1.0934 05 
8.3801-04 
3.5882 01 
1.1077-04 
5.2589-04 
6.0289-01 
4.7050-04 
4.285 
-2.719 
1.476 
6.421 
-3.311 
4.250 
-7.474 
-1.864 
-4.743 
9.712 
-1.593 
tp5 = 1.989 
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Table 54. Results of multiple regression for final gross 
density, for the maturity data for alfalfa 
Source Degrees of freedom Sum of squares Mean square 
Regression 10 
Residual 19 
Total 29 
F = 33.73 
Standard error = 0.0864 
2.5195 00 2.5195-01 
1.4194-01 7.4707-03 
2.6615 00 
Multiple R^ = 0.947 
R = 0.973 
Dependent 
Variable b value Standard error of b t value 
Af: 
¥ 
r\ 
m 
P pr 
2 
n 
n 
1.9049 00 
1.0348-03 
6.3539-02 
6.7099-02 
-3.1831 05 
CTD 
— -1.7224-03 
CT 
fs 
CT 
CT 
a 
2 
m 
-1.5177 02 
-4.3166-04 
8.8917-04 
2.7785 00 
-1.6983-03 
1.714O 00 
1.4458-02 
4.0251-02 
3.1436-02 
2.1227 05 
3.8284-03 
1.6369 02 
4.5993-04 
1.6810-03 
3.2965 00 
7.3683-04 
1.111 
0.072 
1.579 
2.134 
-1.499 
-0.450 
-0.927 
-0.939 
0.529 
0.843 
-2.305 
to5 = 2.093 
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the regression of the alfalfa data (Table 54) were no longer 
significant at the 5 percent level. 
Equation 4l with values of the coefficients from Tables 
53 and 54 substituted for the p's was used to predict final 
wafer densities for the grasses and red clover harvested at 
the Albia experiment farm. Figure 81^ Appendix C, Indicates 
a maximum error of 111 percent in predicting final gross 
densities of grass wafers. Figure 82, Appendix C, shows a 
maximum error of 62 percent in predicting the final gross 
densities of red clover. These errors were greater than the 
errors obtained from the predicting of densities with 
Equation 42 (see Figure 80, Appendix C). Prediction from 
legume to legume and grasses to grasses was less accurate 
than prediction for all forages based on Equation 42. 
Therefore it was clear that the variables selected for 
prediction of wafer behavior were adequate to describe both 
grasses and legumes and that the errors of prediction could 
be reduced by the use of different combinations of the 
variables. 
Several different equations were fit to the data for 
wafer strain after 30 minutes^ The following model was 
selected as an adequate model for predicting wafer strain 
because all but two of the estimators of the coefficients were 
significant at the 5 percent level or better and the multiple 
2 R was not significantly reduced from that of a much more 
elaborate prediction model. 
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a 8 
£33 = Bo + PlV ^  ^ 2 ~ + 33 ~ ^ + Pgr^s 
E 
+ Pgr] + pyri ~ + Error (43) 
The Influence of moisture content was Included in the form 
of an interaction with percent stems and stem "bending pro­
perties were Included both in a linear manner as well as in 
the form of interactions with percent stems. This model 
shows the importance of chemical properties of the forage in 
the form of percent protein and mechanical properties in the 
form of properties of the stems. 
Table 55 summarizes the results of the fit of model 
Equation 43 to the data for the four forages of various 
maturities. A multiple of 0.790 was obtained. The 
following equation was tested by predicting wafer strains, 
ego, for the forages harvested at the Albia experiment farm. 
E 
eoo = 3.0312 - 0.1608 P ^ - 0.5476 — + 1036.1 — jj P^ cr a 
+ 0.002670 Tim - 2.4341 TiGg + 0.014289 ^  
- 23.789 n — (44) 
' 0" 
Figure 72 Illustrates a comparison of predicted wafer 
strains versus measured wafer strains. Large errors in 
prediction were observed for the low moisture content wafers 
and for the red clover wafers (Figure 80). Orientation of 
the material in the die when the wafer was formed was observed 
to cause different amounts of lateral expansion of the wafer 
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and thus the magnitudes of axial expansion and strain was 
changed. 
A study of Figure 72 indicated that the legume and the 
grasses fall into two groups and so the following hypothesis 
was advanced: A special factor does exist that divides the 
forage population into grasses and legumes with respect to 
their waferability. This hypothesis was tested by fitting 
Equation 43 separately to the grasses data and the alfalfa 
data in the maturity investigation to determine if increased 
accuracy would be obtained in predicting the final strains of 
grass and legume wafers with separate equations. Tables $6 
and 57 summarize the results of the regressions for the grasses 
and alfalfa respectively. For the grasses the estimators of 
the g's remained quite similar to the combined data estimates 
shown in Figure 55• All b's that were significant at the 5 
percent level in the regression with all the data remained 
significant at the 5 percent level for the regression with 
grasses (Tables 55 and 56). However, with the alfalfa data 
only the percent stems by moisture content coefficient (b) 
was significant at the 5 percent level and changes in sign of 
the coefficients also occurred. The maximum error in 
prediction of strains, gg-, of grass wafers from the Albia 
experiment farm by using Equation 43 with values of the 
estimators of the g's from Table $6 was slightly greater than 
with Equation 44 which was based on all the data (Figure 8l, 
Appendix C). Maximum error consistently occurred at the 
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Table 55. Results of multiple regression of strain after 30 
minutes, for model Equation 43 
Source Degrees of freedom Sum of squares Mean square 
Regression 7 
Residual 112 
Total 119 
P = 60.19 
Standard error = 6.7236-01 
Variable b value 
Dependent ®33 
p 
pr 
28 
a 
fs 
G 
neg 
n 
CT 
fs 
(7 
'05 
3.0312 00 
-1.6084-01 
-5.4757-01 
1.0361 03 
2.6705-03 
-2.4341 00 
1.4289-02 
2.3789 01 
= 1.982 
1.9047 02 
5.0631 01 
2.4110 02 
.2 
2.7210 01 
4.5206-01 
Multiple R = 0.790 
R = 0.889 
Standard error of b t value 
2.9414-01 
1.4544-02 
4.4753-02 
4.0260 02 
2.0951-04 
6.1763-01 
8.2572-03 
7.2716 00 
10.305 
-11.059 
- 1.224 
2.573 
12.747 
- 3.941 
1.730 
- 3.271 
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Table 56. Results of multiple regression of strain after 30 
minutes, for the maturity data for the grasses 
Source Degrees of freedom Sum of squares Mean square 
Regression 7 
Residual 82 
Total 89 
F = 49.72 
Standard error = 0.6570 
Variable b value 
1.9292 00 
-9.1340-02 
-4.9660-01 
1.0179 03 
3.3602-03 
-2.6116 00 
1.4342-02 
-2.3702 01 
05 = 1.989 
1.5026 02 2.1466 01 
3.5401 01 4.3171-01 
1.8566 02 
Multiple R^ = 0.809 
R = 0.899 
Standard error of b 
5.7680-01 
3.4666-02 
4.8296-01 
4.1232 02 
2.6676-04 
7.4434-01 
9.1938-03 
7.8009 00 
Dependent 
^33 
^pr 
a 
fs 
CT 
nïïL 
Tieg 
cs 
Es 
t value 
3.344 
-2.635 
-1.028 
2.469 
12.596 
-3.509 
1.560 
-3.038 
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Table 57. Results of multiple regression of strain after 30 
minutes, for the maturity data for alfalfa 
Source Degrees of freedom Sum of squares Mean square 
Regression 7 
Residual 22 
Total 29 
P = 21.62 
Standard error = 0.2135 
Variable b value 
Dependent 3.4186-01 
-4.1783-02 
— 8.6576-01 
-4.4072 02 
1.6061-03 
5.2899-01 
®33 
^pr 
(^ 8 
CT 
fs 
a 
Tim 
"neg 
n 
n 
a 
5 
a 
-1.3752-02 
7.4784 00 
6.8978 00 9.8540-01 
1.0026 00 4.5574-02 
7.9004 00 
Multiple R^ = 0.873 
R = 0.934 
Standard error of b t value 
9.1441-01 0.374 
3.5708-02 -1.170 
6.8818-01 1.258 
7.4904 02 -0.588 
2.4904-04 6.449 
5.7846-01 0.915 
1.1940-02 -1.152 
1.3358 01 0.560 
to5 = 2-074 
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Figure 72, 
MEASURED VALUE OF WAFER STRAIN 
33 
Predicted vs. measured values of wafer strain after 30 minutes, 
the forages harvested at the Albia experiment farm '33' 
for 
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lowest moisture contents. Maximum error in prediction of 
wafer strains ffor red clover was reduced considerably with 
the equation "based on the data for alfalfa (Figure Q2, 
Appendix C). Uliis indicates some advantage in predicting 
wafer strains ffrorn legumes to legumes and grasses to grasses. 
The legume, red clover, behaved in a different manner 
than the grass wafers as shown by Figure 72. Although the 
variables selected for describing wafer behavior were shown 
to be significant for all the multiple regressions, the test 
of the equations by predicting results for other materials 
indicates that the equations are accurate only to the degree 
of predicting the order of magnitude of final wafer densities 
and strains. Bowever, gross density in the die, was 
predicted withfin a maximum error of 6.22 percent. 
There was no significant advantage in predicting final 
wafer densities and strains with separate equations for grasses 
and legumes. IThis indicates that sufficient variables have 
been included tto describe the behavior of grasses and legumes 
but refinement of the prediction model is necessary to reduce 
the prediction error. 
Conclusions 
The importance of mechanical properties of stems, protein 
content and moiisture content in the prediction of forage wafer 
densities and strains was shown by the multiple regression 
analysis and confirmed the hypothesis from the stem experiments 
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that mechanical properties of the stems as well as the 
quantities of stems are partial predictors of the densities 
of forage wafers. Both quantitatively and qualitatively it 
has been shown that forages low in percent stems, high in 
protein content, and low in moisture will make the most dense 
wafers. Testing the prediction equations (Equations 40, 42, 
and 44) with data different from the data on which the 
equations were developed showed that an adequate prediction o 
gross densities in the die, was possible. Large errors 
were observed for predicting final gross wafer densities and 
strains for the driest wafers and for red clover. Equations 
42 and 44 were adequate for the describing the manner in 
which protein content, and stem properties affected final 
wafer densities and strains. 
Separate equations for predicting final wafer densities 
and strains were less accurate in predicting behavior of 
wafers than a single equation developed for combined grass 
and alfalfa data. Therefore, the variables necessary for 
prediction of the densities and strains of all forages (both 
grasses and legumes) were Identified and reduction in errors 
in prediction should come from a more sophisticated and 
complex combination of the variables of percent stems, 
bending properties of the stems, and the protein and moisture 
contents. 
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SUMMARY 
Review of the work of other Investigators revealed a 
lack of Information regarding the Influence of properties of 
the forage upon the waferlng process. A hypothetical model 
of a wafer was proposed and several properties of the forage 
were selected as variables affecting the behavior of the 
forage wafer. Dimensional analysis was used to guide the 
experimental work. 
The Influence of percent stems in alfalfa upon wafer 
strain and density was studied in a randomized complete 
block design stem experiment where five levels of stems and 
three levels of moisture content were investigated. A high 
percentage of stems as well as a stem by moisture content 
Interaction were discovered to be significant. A combination 
of highest percent content of stems and highest moisture 
resulted in the greatest expansion of the wafers and thus the 
smallest density. Straightening of the stems of alfalfa after 
the pressure was released was observed to be the major cause 
of the expansion so the experiment was repeated with ground 
material to examine the reduction in wafer expansion that 
would occur with smaller forage particle size. A significant 
reduction in wafer expansion occurred at all treatment levels 
while the same relative effect of percent stems and the 
moisture content by stem interaction was observed. Percent 
stems was so well correlated with protein content in these 
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two experiments that it was impossible to separate the 
mechanical effect of stems from the chemical effects of 
protein. 
A varying leaf and stem moisture content experiment was 
conducted where leaf and stem moisture was controlled 
independently while protein content was maintained constant 
by fixing the stem content at 50 percent. It was shown that 
control of stem moisture was much more important than leaf 
moisture and, in fact, maximum densities of the stable wafers 
was obtained with the lowest moisture content of stems. High 
moisture leaves did not result in a significant reduction in 
stable wafer densities or an increase in expansion of the 
wafers. The mechanical effect of stems was isolated from the 
protein effect and it was shown that moisture content as it 
controls the mechanical properties of the stems was extremely 
important in production of dense wafers of alfalfa. 
A forage properties experiment was conducted where the 
bending properties of the stems, the percent stems and protein 
and pectin levels were related to the densities of the wafers 
in the die, the stable value of density of the wafers, 
and the axial strain of expansion, In an initial 
investigation, the range in difference in properties of 
the forage was investigated with a variety of forages ranging 
from oat straw to extremely young third-cutting alfalfa. The 
validity of the selection of variables influencing final wafer 
strain, and densities in the die was established through 
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a multiple regression approach. An extensive investigation 
of changes in properties of four forages (alfalfa, bromegrass, 
Kentucky bluegrass and oats) with relation to the wafering 
process as a function of maturity was carried out by 
harvesting, wafering and determination of the properties of 
the material at weekly intervals over a period of 6 weeks. 
A multiple regression approach was used to develop prediction 
equations for densities in the die, final value of water 
density and the final value for wafer strain. The prediction 
equations were tested against several different kinds of 
grasses and one legume by a comparison of measured values for 
wafer densities and strains with predicted values. Gross 
densities in the die were predicted with a maximum error of 
6.22 percent. Large errors in predicting final wafer 
densities and strains for the driest forages and red clover 
were observed. However the advantages of high protein 
content, low percent stems, and low moisture content were 
illustrated by the prediction equations. 
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CONCLUSIONS 
1. As the moisture content of the wafer was increased 
(to about 15 percent) the interpartlcle friction was reduced 
to produce maximum dry matter density in the die wafers. 
However, adding additional moisture beyond the above point 
reduced dry matter densities in the die because the moisture 
occupied space that otherwise could have been occupied by 
the more dense forage particles. 
2. A combination of high moisture content and high 
percent stems produced the greatest expansion and thus the 
lowest densities for alfalfa wafers. 
3. A moisture content by percent stems interaction 
resulted in a greater change in alfalfa wafer expansion and 
final density with percent stems, at higher moisture contents 
than at lower moisture contents. 
4. Reducing the particle size of the wafer by grinding 
the hay reduced the expansion of alfalfa wafers. The same 
relative effect of percent stems and the percent stems by 
moisture content interaction, however, was observed with 
ground material as was observed with chopped alfalfa. 
5. The mechanical effects of stems were separated from 
the correlation with protein content of alfalfa by a varying 
leaf and stem moisture experiment. Mechanical properties of 
stems which are controlled by the moisture content of the 
stem had more influence on wafer density than protein content. 
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6. A combination of high moisture alfalfa leaves 
(nominally 25 percent) and low moisture alfalfa stems 
(nominally 5 percent) can be formed into excellent wafers, 
but the reverse of these moistures resulted in much less 
dense wafers. 
7. Mechanical properties of stems (derived from a simple 
bending test), percent stems, protein content and moisture 
content of a forage were identified as significant properties 
in the determination of forage wafer densities for a variety 
of different forages. Pectin level was shown to have no 
significant effect on wafer strains or densities. 
8. Very young grasses, high in protein and low in 
percent stems, were wafered satisfactorily from the standpoint 
of final wafer densities. Waferability dropped rapidly with 
increasing maturity, both with grasses and alfalfa because 
of the rapid increase in percent stems and the drop in protein 
content. 
9. Prediction equations were developed and tested that 
adequately predicted densities in the die and estimated final 
wafer densities and strains, based on knowledge of percent 
protein, mechanical properties of the stems, percent stems 
and moisture content of the forage. 
10. Individual prediction equations for legumes and 
grasses were less accurate than the prediction equations for 
all forages. This verified the hypothesis that percent stems. 
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mechanical properties of the stems and moisture and protein 
content were adequate variables for predicting wafer behavior 
but a more complex combination of the terms would be necessary 
to improve prediction accuracy. 
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SUGGESTIONS FOR FURTHER INVESTIGATIONS 
1. Determine the influence of moisture content of the 
forage upon gross densities in the die for moisture contents 
greater than 25 percent. This may be a means for determining 
dry matter densities of the forage particles. 
2. Relate durability of wafers of different forages 
(grasses and legumes) to the forage properties that influence 
wafer densities and develop prediction equations for durability. 
3. Test field wafering machines with forages where leaves 
and stems have been separated and a forage mixture of high 
moisture leaves and low moisture stems is wafered. 
4. Refine the prediction equations for final wafer 
densities and strains by using additional data for other 
forages and developing other combinations of the variables . 
5. Relate forage properties and process variables to 
wafer densities and durability when the wafers are formed by 
the extrusion process. 
6. When hollow stem grasses are laterally crushed there 
is no material available for bonding the two internal surfaces, 
but with legumes the pith in the center of the stem may pro­
vide some bonding action. Therefore an investigation should 
be conducted where grass stems are split and flattened 
previous to wafering. The results of these tests could be 
compared with a legume of identical percent stems, protein 
content and moisture content. 
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APPENDIX A. DATA FROM THE INITIAL INVESTIGATION 
IN THE FORAGE PROPERTIES EXPERIMENT 
DIE LENGTH 1 BASED DRY MATTER LENGTH REFERENCE DENSITY BASED 
CODE MOISTURE . . ...STRAIN..... . .BASED STRAIN.. .STRAIN.. ....... 
CONTENT AS STABLE AS STABLE AS STABLE 
PERCENT RELEASED VALUE RELEASED VALUE IN DIE RELEASED VALUE 
NUMBER (W.B.) IN/IN IN/IN IN/IN IN/IN IN/IN IN/IN IN/IN 
1000 0.0 0.438 0.590 0.438 0.590 0.417 1.039 1.255 
1000 6.65 0.478 0.651 0.514 0.700 0.247 0.842 1.058 
1001 9. 70 0.623 0.896 0.701 1.007 0.137 0.846 1.156 
1001 13.39 0.850 1.271 1.015 1.517 0.064 0.970 1.418 
1002 17.70 1.117 1.784 1.442 2.303 0.015 1.120 1.789 
1002 21.20 1.644 2.622 2.294 3.659 0.055 1.499 2.422 
1003 24.66 1.852 3.528 2.770 5.276 0.069 1.655 3.214 
FIRST CUTTING ALFALFA STEMS 
ro 
M 
1000 0.0 0.258 0.341 0.258 0.341 0.364 0.716 0.830 
1000 6.10 0.253 0.395 0.270 0.422 0.199 0.502 0.672 
1001 13.55 0.384 0.727 0.468 0.885 0.039 0.329 0.658 
1002 23.14 0.436 0.843 0.628 1.217 0.066 0.340 0.721 
THIRD CUTTING ALFALFA - PREBUD 
Figure 73. Wafer strains (average of two wafers) 
CODE 
NUMBER 
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
DIE LENGTH BASED 
• #« #«STRAIN* #«•* 
AS STABLE 
RELEASED VALUE 
IN/IN IN/IN 
DRY MATTER LENGTH 
..BASED STRAIN.. 
AS 
RELEASED 
IN/IN 
STABLE 
VALUE 
IN/IN 
REFERENCE DENSITY BASED 
........STRAIN......... 
AS STABLE 
RELEASED VALUE 
IN/IN IN/IN 
IN DIE 
IN/IN 
7000 
7000 
7001 
7002 
0 . 0  
5.59 
14.13 
22.03 
0.261 
0.260 
0.360 
0.483 
0.340 
0.381 
0.655 
1.045 
0.261 
0.276 
0.444 
0 . 6 8 8  
0.340 
0.404 
0.809 
1.490 
0.349 
0.243 
0.048 
0.076 
0.701 
0.567 
0.294 
0.370 
0.808 
0.717 
0.576 
0.890 
THIRD CUTTING ALFALFA - 1/10 BLOOM 
ro 
ro 
ro 
8000 0.0 0.313 0.364 0.313 0.364 0.330 0.747 0.815 
8000 6.82 0.373 0.490 0.404 0.530 0.158 0.590 0.726 
8001 15.13 0.531 0.975 0.665 1.222 0.047 0.459 0.883 
8002 22.08 0.867 1.983 1.229 2.810 0.063 0.749 1.794 
THIRD CUTTING ALFALFA - FULL BLOOM 
Figure 73 (Continued) 
CODE 
NUMBER 
DIE LENGTH BASED 
MOISTURE STRAIN 
CONTENT 
PERCENT 
(W.B.) 
AS 
RELEASED 
IN/IN 
STABLE 
VALUE 
IN/IN 
DRY MATTER LENGTH 
..BASED STRAIN-. 
AS 
RELEASED 
IN/IN 
STABLE 
VALUE 
IN/IN 
REFERENCE DENSITY BASED 
STRAIN 
AS STABLE 
RELEASED VALUE IN DIE 
IN/IN i n / i n  IN/IN 
3000 
3000 
3001 
3002 
0-0 
6.29 
14- 17 
23.72 
0.231 
0.278 
0.433 
0.907 
0.290 
0.380  
0.828 
1.675 
0.231 
0.297 
0.531 
1.322 
0-290 
0-407 
1-015 
2.439 
0.400 
0.236 
0.033 
0.072 
0.724 
0.580 
0.385 
0.770 
0 . 8 0 6  
0.707 
0.767 
1.482 
s o y b e a n  h a y  
6 0 0 0  0 . 0  0 . 2 6 8  
6000 6.04 0.321 
6001 11.97 0.772 
6002 18.58 1-179 
0.348 0-268 0.348 
0-433 0.340 0.459 
1.319 0.900 1.537 
2.132 1.550 2.802 
s w e e t  c l o v e r  
ro 
ro U) 
0.572 0-994 1.121 
0.375 0.818 0.971 
0.074 0.900 1.481 
0.034 1.104 2.025 
Figure 73 (Continued) 
CODE 
NUMBER 
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
DIE LENGTH BASED 
••••«STRAIN* 
AS STABLE 
RELEASED VALUE 
IN/IN IN/IN 
DRY MATTER LENGTH 
••BASED STRAIN.• 
AS 
RELEASED 
IN/IN 
STABLE 
VALUE 
IN/IN 
REFERENCE DENSITY BASED 
• • • • • • • • • S T R A I N • # • • • # • # •  
AS STABLE 
IN DIE RELEASED VALUE 
IN/IN IN/IN IN/IN 
4000 
4000 
4001 
4002 
0^0 
6.54 
13.36 
20^73 
0.529 
0.557 
0.974 
2.054 
0.757 
0.74 7 
1.734 
4.396 
0.529 
0.600 
1.164 
2.833 
0.757 
0.804 
2.071 
6 . 0 6 1  
0.398 
0 . 2 1 6  
0.060 
0.043 
1.134 
0.894 
1.092 
1.923 
1.451 
1.125 
1.897 
4. 165 
BROMEGRASS 
2000 
2000 
2001 
2002 
0 . 0  
6.52 
11.63 
20.58 
0.492 
0.597 
1.022 
1.926 
0.768 
0.799 
1.278 
3.106 
0.492 
0.642 
1.187 
2.646 
0.768 
0.859 
1.483 
4.267 
0.371 
0.243 
0 . 1 1 1  
0.025 
1.047 
0.986 
1.247 
1.852 
1.425 
1.2 36 
1.531 
3.001 
ro 
ro 
OAT STRAW 
Figure 73 (Continued) 
CODE MOISTURE 
DIE LENGTH 1 BASED DRY MATTER LENGTH REFERENCE DENSITY BASED 
....«STRAIN..... ..BASED STRAIN.. 
CONTENT AS STABLE AS STABLE AS STABLE 
NUMBER 
PERCENT RELEASED VALUE RELEASED VALUE IN DIE RELEASED VALUE (W.B.) IN/IN IN/IN IN/IN IN/IN IN/IN IN/IN IN/IN 
5000 0.0 0.525 0.753 0.525 0.753 0.352 1.061 1.368 5000 5.56 0.569 0.801 0.606 0.853 0.208 0.897 1.177 5001 12.63 0.987 1.485 1.171 1.760 0.040 1.067 1.584 5002 19.35 1.759 3.426 2.355 4.588 0.033 1.665 3.274 
q u a c k g r a s s  
ro 
Figure 73 (Continued) 
CODE STEMS MOISTURE DENSITY DENSITY PROTEIN PECTIN 
CONTENT OF OF LEVEL LEVEL a 
PERCENT PARTICLES MIXTURE 
NUMBER PERCENT (W.B.) LBS/FT3 LBS/FT3 PERCENT PERCENT 
1000 100.0 0.0 83.15 83.15 9.40 65.0 
1000 100.0 6.65 83.15 81.77 9.40 65.0 
1001 100.0 9.70 83.15 81.14 9.40 65.0 
1001 100.0 13.39 83.15 80.37 9.40 65.0 
1002 100.0 17.70 83.15 79.48 9.40 65.0 
1002 100.0 21.20 83.15 78.75 9.40 65.0 
1003 100.0 24.66 83.15 78.03 9.40 65.0 
FIRST CUTTING ALFALFA STEMS 
1000 32,8 0.0 81.69 81.69 22.80 37.0 
1000 32.8 6. 10 81.69 80.52 22.80 37.0 
1001 32.8 13.55 81,69 79.08 22.80 37.0 
1002 32.8 23. 14 81.69 77.23 22.80 37.0 
THIRD CUTTING ALFALFA -• PREBUD 
^ p e r c e n t  t r a n s m i s s .  @  5 2 0  n y c  
Figure jU. Properties of the forage 
CODE STEMS MOISTURE DENSITY DENSITY PROTEIN PECTIN 
CONTENT OF OF LEVEL LEVEL 
PERCENT PARTICLES MIXTURE 
NUMBER PERCENT {W.B. ) LBS/FT3 LBS/FT3 PERCENT PERCENT 
7000 28.3 0.0 82.42 82.42 20.10 62.5 
7000 28.3 5.59 82.42 81.30 20.10 62.5 
7001 28.3 14.13 82.42 79.59 20.10 62.5 
7002 28.3 22.03 82.42 78.01 20.10 62.5 
THIRD CUTTING ALFALFA - 1/10 BLOOM 
8000 49.6 0-0 82.42 82.42 19.00 42.0 
8000 49.6 6.82 82.42 81.05 19.00 42.0 
8001 49.6 15.13 82.42 79.39 19.00 42.0 
8002 49.6 22.08 82.42 78.00 19.00 42.0 
THIRD CUTTING ALFALFA - FULL BLOOM 
Figure 74 (Continued) 
CODE STEMS 
NUMBER PERCENT 
3000 
3000 
3001 
3002 
32.8 
32.8 
32.8 
32.8 
MOISTURE 
CONTENT 
PERCENT 
( W . B . ) 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
0 . 0  
6.29 
14.17 
23.72 
80.98 
80.98 
80.98 
80.98 
s o y b e a n  h a y  
6000  
6000  
6001  
6002  
67.0 
67.0 
67.0 
67.0 
0 . 0  
6.04 
11.97 
18.58 
80.98 
80.98 
80.98 
80.98 
s w e e t  c l o v e r  
Figure 74 (Continued) 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
PROTEIN 
LEVEL 
PERCENT 
PECTIN 
LEVEL 
PERCENT 
80.98 
79.81 
78.35 
76.57 
21.90 
21.90 
21.90 
21.90 
51.0 
51.0 
51.0 
51.0 
80.98 
79.86 
78.76 
77.53 
8.30 
8.30 
8.30 
8.30 
55.0 
55.0 
55.0 
55.0 
ro 
ro 
CO 
CODE STEMS 
NUMBER PERCENT 
4000 
4000 
4001 
4002 
69.8 
69.8 
69.8 
69.8 
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
0 . 0  
6.54 
13.36 
20.73 
83.53 
83.53 
83.53 
83.53 
BROMEGRASS 
2000 100.0 0.0 85.05 
2000 100.0 6.52 85.05 
2001 100.0 11.63 85.05 
2002 100.0 20.58 85.05 
OAT STRAW 
Figure 7^ (Continued) 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
PROTEIN 
LEVEL 
PERCENT 
PECTIN 
LEVEL 
PERCENT 
83.53 
82.14 
80.70 
79.15 
6.70 
6.70 
6.70 
6.70 
73.0 
73.0 
73.0 
73.0 
85.05 
83.57 
82.42 
80.39 
6.30 
6.30 
6.30 
6.30 
8 0 . 0  
8 0 . 0  
8 0 . 0  
80 .0  
ro 
ro 
VD 
CODE STEMS 
NUMBER PERCENT 
5000 
5000 
5001 
5002 
41.1 
41.1 
41.1 
41.1 
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
0 . 0  
5.56 
12.63 
19.35 
82.78 
82.78 
82.78 
82.78 
q u a c k g r a s s  
Figure 74 (Continued) 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
82.78 
81.65 
8 0 . 2 1  
78.84 
PROTEIN 
LEVEL 
PERCENT 
5.80 
5.80 
5.80 . 
5.80 
PECTIN 
LEVEL 
PERCENT 
66.0 
66.0 
66.0 
66. 0 
231 
CODE 
n u m b e r  
PERMANENT 
STRAIN 
IN/IN 
FIBER 
STRESS 
LBS/IN2 
SECANT 
MODULUS 
LBS/IN2 
UNIT 
ENERGY 
IN-Le/.IN3 
ICQC 0.CC54 9712.5 507700. 11.8695 
1C05 0 . 0 0 9 3  7101.0 475650. 6.6900 
ICIC 0.0075 5016,5 434300. 5.9510 
1015 O.Clll 2713.0 236200. 4.1820 
1C2C 0.C089 2979.0 313750. 3.7135 
1025 0.C086 2491.0 253200. 3.7040 
1030 0.C078 2838.5 272350. 3.4695 
FIRST CUTTING ALFALFA STEMS 
1000 0.0050 14410.0 1106000. 8.2485 
1005 0.0054 12780.0 939250. 10.5350 
1015 0.0054 4671.0 553450. 3.6875 
1025 0.0029 2204.0 280350. 1.8280 
THIRD CUTTING ALFALFA - PREBUD 
Figure 75. Stem bending tests results (average of two 
tests 
232 
CODE PERMANENT FIBER SECANT UNIT 
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/IN LBS/IN2 LBS/IN2 IN-LB/.IN3 
7C0C 0.015.9 15645.0 1032700. 13.7250 
7005 0.0058 14145.0 1037400. 13.3795 
7015 0.0100 6502.5 713050. 6.8820 
7025 0.0101 3727.0 389600. 4.6535 
THIRD CUTTING ALFALFA - 1/10 BLOOM 
8000 0.0127 16430.0 1020250. 14.6650 
8005 0.G078 13220,0 875200. 13.3000 
8015 0.0107 8105.0 835000. 8.1525 
8025 0.0066 3164.5 418650. 2.2825 
THIRD CUTTING ALFALFA - FULL BLOOM 
Figure 75 (Continued) 
233 
C O D E  
NUMBER 
3000 
3005 
3015 
3025 
PERMANENT 
STRAIN 
IN/IN 
0.0129 
0.0019 
0.0125 
0.0079 
FIBER 
STRESS 
LBS/IN2 
8522.5 
7309.0 
2278.5 
1654.5 
SOYBEAN HAY 
SECANT 
MODULUS 
LBS/IN? 
434850. 
593350. 
182335. 
106355. 
UNIT 
ENERGY 
IN-LLS/IN3 
8.0825 
5.6495 
6.0765 
2.9580 
6000 
6005 
6015 
6025 
0.C041 
0.0254 
0.0049 
0,0011 
17155.0 
18740.0 
8846.0 
8132.5 
SWEET CLOVER 
1097750. 
1079150. 
866250. 
740350. 
13.6400 
22.3000 
9.0585 
9.5090 
Figure 75 (Continued) 
234 
C O D E  
NUMBER 
4C00 
4C05 
4015 
4025 
PERMANENT 
s t r a i n  
IN/IN 
0.C044 
0.C047 
0.C03Ô 
0.0031 
r-lHER 
STRESS 
LBS/IN2 
15260.0 
1 3 2 6 0 . 0  
5393.0 
8931.0 
BROMEGRASS 
SECANT 
MODULUS 
LBS/IN2 
1322000. 
1027350. 
631750. 
1035950. 
UNIT 
ENERGY 
IN-L8/IN3 
15. 1850 
11.5250 
5.9690 
7.1405 
2000 
2C05 
2015 
2025 
0.C096 
O.C060 
0.0046 
0.C072 
2 0 0 8 . 0  
2849.5 
1641.0 
942.5 
OAT STRAW 
218400. 
310550. 
213650. 
75520. 
5.0555 
6.7670 
3.1590 
3.0795 
Figure 75 (Continued) 
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CODE 
NUMBER 
PERMANENT 
STRAIN 
IN/IN 
FIBER 
STRESS 
LBS/IN2 
SECANT 
MODULUS 
LBS/IN2 
UNIT 
ENERGY 
IN-LB/IN3 
500C 0.C050 7954.5 617350. 7.8985 
5005 0.0086 5533.5 549150. 6.8800 
5015 0.0085 6193.0 641300. 5.8330 
5025 0.0065 4009.0 464450. 4.1875 
q u a c k g r a s s  
Figure 75 (Continued) 
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APPENDIX B. DATA FROM THE MATURITY INVESTIGATION 
IN THE FORAGE PROPERTIES EXPERIMENT 
m o i s t u r e  .  .  . d r y  m a t t e r  d e n s i t i e s . . .  
c o n t e n t  a s  f i n a l  a s  f i n a l  
c o d e  p e r c e n t  i n  d i e  r e l e a s e d  v a l u e  i i s  d i e  r e l e a s e d  v a l u e  
n u m b e r  ( w . b . )  l b s / f t 3  l b s / f t 3  l b s / f t 3  l d s / f t 3  l b s / f t 3  l b s / f t ;  
a l f a l f a  - may 23 
1 0 0 5 2  6 . 8 9  7 0 . 4 0  5 5 . 0 9  5 3 . 8 0  6 5 . 5 5  5 1 . 2 9  5 0 . 0 9  
1 0 1 0 2  1 2 . 3 3  8 2 . 3 9  6 2 . 5 6  6 1 . 5 8  7 2 . 2 3  5 4 . 8 5  5 3 . 9 9  
1 0 1 5 2  1 4 . 1 5  8 3 .  1 9  6 2 . 8 2  5 9 . 9 3  7 1 . 4 2  5 3 . 9 3  5 1 . 4 5  
1 0 2 0 2  2 0 . 2 6  8  4 . 4 9  6 0 . 4 9  5 8 . 6 3  6 7 . 3 7  4 8 . 2 1  4 6 . 7 3  
1 0 2 5 2  2 5 . 3 1  8 3 . 3 7  5 2 . 8 4  5 1 . 3 1  6 2 . 3 c  3 9 . 5 5  3 8 . 4 2  
kentucky bluegrass - may 2 5  
1 1 0 5 2  6 . 2 2  6 7 . 6 3  3 3 . 7 7  3 1 . 5 5  6 3 . 4 2  3 1 .  6 7  2 9 . 5 9  
1 1 1 0 2  1 1 . 1 2  7 7 . 9 1  4 2 . 6 5  4 0 . 1 8  6 9 . 2 5  3 7 . 9 1  3 5 . 7 1  
1 1 1 5 2  1 4 . 1 1  8 1 . 3 8  3 8 . 5 3  3 5 . 7 3  6 9 . 9 c  3 3 . 1 0  3 0 . 6 9  
1 1 2 0 2  1 8 . 0 5  « 3  .  7 6  3 3 . 8 6  2 9 .  3 6  6 7 .  9 6  2 7 - 5 0  2 3 . 8 6  
1 1 2 5 2  2 2 . 6 2  8 3 . 7 5  3 2 . 5 0  2 9 . 2 9  6 4 . 8 0  2 5 .  1 4  2 2 . 6 9  
Figure 76. Wafer densities for the forage maturity experiment (average of, 
two wafers) 
C O D E  
N U M B E R  
1 2 0 5 2  
12102 
12152 
12202 
12252 
MOISTURE 
CONTENT 
PERCENT 
( W . (5. ) 
5.49 
10.57 
1 3 . 4 4  
15.54 
19.80 
IN DIE 
LBS/FT3 
67. 15 
79.35 
8 2 . 2 2  
82.64 
84 . 0 4  
GROSS DENSITIES 
AS FINAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
BROMEGRASS - MAY 27 
36.25 35.71 
49.01 
51.19 
46.78 
4 5.01 
4 7.17 
46.70 
39.49 
4 0.17 
13052 
13102 
13152 
13202 
13252 
6.80 
11.29 
16.41 
18.36 
23.37 
66. 84 
80.98 
83.63 
82.84 
83.26 
ALFALFA 
50. 87 
54.70 
57.23 
5 3.,6 8 
38.75 
MAY 30 
48.14 
50.51 
52.56 
46.77 
34.03 
Figure 76 (Continued) 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 L8S/FT3 LBS/FT3 
63.46 34.26 33.75 
70.96 43.83 42.18 
71.17 44.31 4 0.43 
69.78 39.60 33.45 
67.39 36.18 32.30 
62.24 
71.81 
69.91 
67.62 
6 3 . 8 1  
47.37 
4 8.50 
47.82 
43. 83 
29. 72 
44.83 
44.75 
43.93 
38.21 
26.  10 
C O D E  
N U M B E R  
14052 
14102 
14152 
14202 
14252 
MOISTURE 
CONTENT 
PERCENT 
( W . B . ) 
8. 57 
14. 13 
17.39 
21.81  
24.24 
IN DIE 
LBS/FT3 
81.51 
8 6  . 1 6  
8 6 . 2 3  
84.8 1 
83.94 
GROSS DENSITIES 
AS FINAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
oats - may 31 
61.65 59.75 
70.4 4 
67.90 
63.05 
58.92 
6 6 . 6 6  
65.27 
58.73 
54.99 
KENTUCKY BLUEGRASS - JUNE 
15052 7.66 70.84 30.20 26.55 
15102 12.09 78.42 29.50 25.82 
15152 14.47 80.86 21.82 17.32 
15202 18.77 82.03 20.50 15.39 
15252 2 2 . 2 6  8 3 . 2 6  15.55 12.21 
Figure 76 (Continued) 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
74.52 56.37 54.63 
73.98 60.49 57.24 
71.24 56.10 53.92 
66.33 49.38 45.96 
63.6 0 44.64 41.67 
65.41 27.88 24.52 
68.94 25.93 22.70 
69.17 18.67 14.82 
66.64 16.64 12.51 
64.73 12.09 9.49 
ro 00 
vo 
C O D E  
N U M B E R  
16052 
16102 
16152 
16202 
16252 
MOISTURE 
CONTENT 
PERCENT 
{ W. B. ) 
7.54 
1 2 . 1 6  
15.37 
2 0 . 8 1  
23.35 
IN DIE 
LBS/FT3 
7 3.31 
01.72 
84.51 
85.23 
84.73 
GROSS DENSITIES 
AS FINAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
bromegrass - june 3 
43.23 40.74 
44.84 
44.17 
36. 54 
34.09 
41.64 
41.23 
30. 15 
23.25 
17052 
17102 
I 17152 
17202 
17252 
6.65 
12.58 
15.12 
19.76 
24.40 
64.56 
79.14 
8 1 . 8 0  
83.96 
83.75 
ALFALFA 
45.29 
47.41 
40.63 
44.49 
37.64 
june 6 
4 4 . 2 6  
44.61 
37.21 
39.02 
3 2 . 5 9  
Figure 76 (Continued) 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
67.79 39.97 37.67 
71.78 39.39 36.58 
71.52 37.38 34.90 
67.50 28.95 23.91 
64.94 26.14 17.85 
60.26 42.28 41.32 
69.18 41.44 39.00 
69.4 3 34.49 31.58 
67.38 35.70 31.95 
63.31 28.46 24.66 
ro 
C O D E  
N U M B E R  
1 8 0 5 2  
18102 
18152 
18202 
18252 
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
7.49 
12.14 
15.00 
19.69 
24.07 
IN DIE 
LBS/FT3 
79.68 
85.79 
86 .23 
85.02 
83.65 
GROSS DENSITIES 
AS FINAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
oats - june 7 
51.86 48.40 
53.22 
47.52 
43.97 
38.77 
49.69 
42.80 
38.30 
34 . 55 
KENTUCKY BLUEGRASS - JUNE 
19052 7.77 68.45 32.70 28.43 
19102 12.10 76.15 29.29 25.75 
19152 15.02 79.35 25.38 21.28 
19202 18.62 80.95 16.35 13.71 
19252 22.72 82.03 11.58 10.73 
Figure 76 (Continued) 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
73.71 47.97 44.78 
75.37 46.76 43.66 
73.3C 40.39 36.38 
68.28 35.32 30.76 
63.52 29.45 26.25 
63.13 30.16 26.22 
66.93 25.75 22.63 
67.43 21.56 18.08 
65.88 13.30 11.16 
63.39 8.96 8.31 
IN DIE 
LBS/FT3 
69.37 
77.81 
80 .66  
83.96 
82.69 
S DENSIT] 
AS 
RELEASED 
LBS/FT3 
bromegrass 
40.57 
41.24 
38.29 
24.99 
34.23 
FINAL 
VALUE 
LBS/FT3 
- JUNE 10 
36.81 
38.55 
32.88 
17.78 
26.90 
C O D E  
N U M B E R  
20052 
20102  
20152 
20202 
20252 
21052 
21102 
21152 
21202 
21252 
MOISTURE 
CONTENT 
PERCENT 
(N.B.) 
6.98 
11.45 
13.95 
2 0 . 6 1  
17.48 
7.44 
12.73 
14.91 
19.55 
23.61 
68.04 
80.30 
81 .40 
82.53 
82.03 
ALFALFA -
49.34 
48.36 
45.50 
36.01 
33.87 
JUNE 13 
47.47 
44.48 
43.83 
29.98 
27.52 
Figure 76 (Continued) 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
64.53 37.75 34.25 
68.90 36.52 34.13 
69.AC 32.96 28.30 
66.66 19.92 14.20 
68.23 28.27 22.22 
6 2.98 45.67 43.94 
70.08 42.20 38.82 
69.33 38.71 37.29 
66.4C 28.97 24.12 
62.66 25.87 21.02 
ro 4i-
ro 
MOISTURE 
CONTENT 
CODE PERCENT 
NUMBER (W.B.) 
22052 6.85 
22102 11.64 
22152 15.13 
22202 18.84 
22252 22.70 
23052 7.21 
2310 2 11.44 
23152 13.56 
23202 18.15 
23252 20.70 
GROSS DENSITIES...... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
OATS - JUNE 14 
75.24 40.31 37.66 
82.95 38.73 33.02 
84.07 37.41 25.50 
84.07 24.72 19.20 
83.26 24.24 18.05 
KENTUCKY BLUEGRASS - JUNE 
68.37 29.89 
77.11 31.76 
79.25 25.81 
82.53 16.35 
83.55 16.39 
27.98 
29.62 
20.98 
13.36 
11.73 
Figure 76 (Continued) 
1 
15 
...DRY MATTER DENSITIES... 
AS FINAL 
IN DIE RELEASED VALUE 
LBS/FT3 L6S/FT3 LBS/FT3 
70.09 37.55 35.08 
73.30 34.22 29.17 
71.35 31.76 21.65 
68.23 20.06 15.58 
64.37 18.80 14.00 
63.44 27.73 25.96 
68.29 28.15 26.24 
68.50 22.31 18.14 
67.56 13.39 10.94 
66.26 13.01 9.31 
ro 
-Pr U) 
M O I S T U R E  GROSS D E N S I T I E S ,  
C O D E  
N U M B E R  
24052 
24102  
24152  
24202  
24252  
CONTENT 
PERCENT 
{W.B.) 
7.33  
11 .89  
13 .88  
18 .33  
22 .90  
IN  DIE  
LBS/FT3 
70 .22  
77 .51  
80 .56  
82 .  73  
83 .56  
AS 
RELEASED 
LBS/FT3 
F INAL 
VALUE 
LBS/FT3 
BROMEGRASS -  JUNE 17  
44 .10  41 .49  
43 .72  
39 .68  
30 .88  
20 .91  
39 .99  
36 .09  
24 .28  
15 .49  
ALFALFA - JUNE 20  
25052  6  .98  67 .  09  46 .  88  44  .07  
25102  12  ,04  79 .  47  43 .35  39  .37  
25152  15  .19  82 .  44  42 ,38  37  .17  
25202  18  .88  83 .  34  36 .32  31  .99  
25252  22  ,07  83 .  46  26 .02  22  .62  
Figure y'ô (Continued) 
. . .DRY MATTER D E N S I T I E S . . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 LBS/FT3 LES/FT3 
65 .08  40 .87  3  8 .45  
68 .30  38 .52  35 .24  
69 ,37  34 .20  31 .11  
67 .56  25 .29  19 .88  
64 .40  16 .25  12 .00  
62 .40  
69 .90  
69 .92  
67 .61  
65  .04  
43 .61  
38 .  13  
35 ,94  
29 .46  
20 .27  
40 .  99  
34 .63  
31 .51  
25 .94  
17.61 
C O D E  
N U M B E R  
26052 
26102  
26152  
26202  
262  52  
27052  
27102  
27152  
27202  
27252  
MOISTURE 
CONTENT 
PERCENT (  W .  B .  )  
6 .57  
11 .44  
13 .81  
17 .62  
21 .90  
7 .67  
11 .39  
15 .34  
1 8 . 0 1  
21.78  
IN  DIE  
LBS/FT3 
74 .47  
81 .  17  
83 .  96  
83 .  86  
83 .94  
GROSS DENSIT IES 
AS F INAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
OATS -  JUNE 21  
41 .18  35 .56  
. . .DRY MATTER DENSIT IES. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
35 .00  
29 .63  
19 .85  
16.23 
28.70  
20 .42  
14 .51  
10 .92  
69 .57  
71 .88  
72 .36  
69 .09  
65 .57  
67 .24  
77 .21  
79 .36  
82 .44  
83 .  75  
KENTUCKY BLUEGRASS -  JUNE 22  
29 .77  '  62 .08  32 .54  
30 .52  
27 .40  
16 .44  
1 6 . 2 6  
27.39  
23 .51  
13 .95  
13 .33  
63 .41  
67 .19  
67 .58  
65 .50  
38 .48  
30 .99  
25 .53  
16 .  35  
1 2 . 6 6  
30.04  
27 .0  4  
23 .20  
13 .49  
12 .72  
33 .23  
25 .41  
17 .60  
11.^6 I 
8.  54  
2  7 .49 ,  
24 .  2  7  
19.91 
11.44  
10 .42  
ro 
(5 
Figure 76 (Continued) 
CODE 
N U M B E R  
28052 
2 8 1 0 2  
28152 
28202 
28252 
MOISTURE 
CONTENT 
PERCENT (W.B. )  
7 .48  
11 .31  
13 .60  
1 7 . 6 2  
21.32  
IN  DIE  
LBS/FT3 
GROSS DENSIT IES 
AS F INAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
BROMEGRASS -  JUNE 24  
71 .73  
78 .84  
81 .  59  
84 .28  
84 .  83  
4 2 . 0 1  
40.49  
37 .56  
30 .32  
24 .  56  
39 .55  
37 .29  
32 .66  
25 .97  
18.15 
29052 
29102  
29152  
29202  
29252  
7 .14  
12 .39  
14 .56  
1 8 . 6 8  
2 2 . 0 0  
69.  1  1  
78 .02  
81 .07  
82 .  03  
82 .03  
ALFALFA 
45 .24  
45 .  53  
38 .02  
38 .66  
26 .53  
JUNE 27  
42 .30  
41 .34  
33 .89  
33 .16  
22 .72  
Figure 76 (Continued) 
. . .DRY MATTER DENS IT  I  FS. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 L G S / F T 3  LBS/FT3 
66 .37  
69 .92  
70 .  49  
69 .43  
66 .74  
64 .18  
68 .36  
69 .27  
66 .71  
63 .99  
39 .70  
35 .91  
32 .45  
24 .  99  
19  .  32 
42 .01  
39 .  39  
32 .49  
31 .42  
20 .74  
36 .  59  
33 .07  
28 .23  
21 .41  
14 .2  8  
39 .28  
36 .22  
2  8 .96  
26 .94  
17 .78  
C O D E  
N U M B E R  
30052 
30102  
30152  
30202  
30252  
3 1 0 5 2  
3 1 1 0 2  
3 1 1 5 2  
3 1 2 0 2  
3 1 2 5 2  
MOISTURE 
CONTENT 
PERCENT 
( W . B. ) 
6.84  
1 1 . 0 1  
13.28  
18 ,02  
20 .58  
7 .92  
11 .91  
13 .89  
1 8 . 4 4  
19.20  
IN  DIE  
LBS/FT3 
G R O S S  D E N S I T I E S  
AS F INAL 
RELEASED VALUE 
LBS/FT3 LRS/FT3 
OATS -  JUNE 28  
. . .DRY MATTFR DFNSIT  IFS. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
L R S / F T 3  L B S / F T 3  L B S / F T 3  
75.25  
8 1 . 2 7  
83.41  
8 4 . 8 1  
84.  34  
68 .54  
74 .45  
78 .38  
8 2 . 0 3  
8 2 . 4 1  
36.90  
30 .13  
26 .05  
17 .  14  
13 .37  
32 .65  
25 .12  
19 .55  
11 .91  
8 .43  
70 .  10  
72 .32  
72  .  33 
69 .5  3  
66 .97  
KENTUCKY BLUEGRASS -  JUNE 29  
29 .5  3  63 .11  3 2 . 5 8  
2 8 . 0 4  
27.08  
21 .62  
16.  95  
24 .2  5  
25 .1  5  
1 6 . 2 2  
13.73  
65 .58  
6 7 . 4 9  
66.  90  
66 .58  
3 4 . 3 8  
2 6  . 8 1  
2 2  .  59 
14 .07  
1 0 . 6 2  
30.00  
24 .70  
2 3 . 3 2  
1 7 . 6 4  
1 3 . 6 9  
3 0 .  4 2  
2 2 . 3 5  
16.95  
9 .  77  
6 .  69  
27 .19  
21 .36  
2 1 . 6 6  
1 3 . 2 4  
1 1 . 1  0  
ro 
Figure 76 (Continued) 
CODE 
NUMBER 
32052 
32102  
32152  
32202  
32252  
33052  
33102  
33152  
33202  
33252  
KO I  SI  UR F  
CONTENT 
P E R C E N T  
(W.B. ) 
7.27  
12 ,13  
13 .73  
17 .04  
2 2 . 8 4  
GROSS D E N S I T I E S  
AS F INAL 
IN  DIF  R E L E A S E D  VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
BROMEGRASS -  JULY 1  
70 ,  66  
79 .  35  
81  .38  
83 .76  
83 .  84  
4 4  .  1  4 
4 0 . 3 3  
37.41  
3 2 . 0 0  
24,  56  
43 ,14  
39 .45  
33 .  79  
27 .46  
18 .71  
8 . 2 0  
12.92  
15 .48  
19 .70  
2 2 . 7 4  
75.65  
8 0 . 9 5  
82.76  
84 .07  
8 3 . 8 4  
OATS 
38 .  76  
27 ,97  
23 .45  
12.21 
11.42  
- JULY 5 
36 .81  
24 .28  
17 .48  
10 .71  
1 0 , 0 6  
Figure 76 (Continued) 
. . ,DRY M A T T E R  D E N S I T I E S , . ,  
A S  F I N A L  
IN  DIE  R E L E A S E D  VALUE 
LBS/FT3 LBS/FTB LBS/FT? 
65 ,52  40 ,93  4 0 . 0 0  
69.72  3 5 . 4 4  34,66  
70 .21  32 ,27  29 ,15  
6 9 . 4 9  2 6 . 5 7  2 2 . 9 0  
6 4 , 6 9  18,95  14 ,64  
69 .44  3  5 .58  33 .79  
70 .49  24 ,37  21 ,14  
69 ,95  19 ,82  14 .77  
67 .50  9 .81  8 .60  
64 .7  8  8 .8?  7 .77  
ro 
ê 
CODE 
N U M B E R  
81052 
81102  
81152  
81202  
81252  
MOISTURE 
CCNTENT 
PERCENT 
( W. B . ) 
7.70  
1 2  . 8 1  
15.34  
19 .98  
24 .69  
IN  DIE  
LBS/FT3 
GROSS DENSIT IES 
AS F INAL 
RELEASED VALUE 
LBS/FT3 LBS/FT3 
O R C H A R D G R A S S  
71. IC  
78 .43  
8 1 . 1 8  
81.83  
81 .38  
39 .  19  
32 .73  
27 .15  
18 .17  
17 .72  
36 .  10  
28 .52  
23 .70  
14 .79  
12 .71  
82052  
82102  
82152 
8 2 2 0 2  
82252 
7 .92  
1 1 .  8 8  
14.74  
19 .19  
2 1  . 2 6  
70.75  
77 .51  
81  .  38 
83 .14  
83 .07  
TALL 
34 .85  
28 .51  
20 .69  
17 .59  
14 .97  
FESCUE 
31 .97  
2 2 . 0 2  
16.07  
14 .51  
1 1 . 6 8  
Figure 76 (Continued) 
. . .DRY FATTER DENSIT IES. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LRS/FT3 LBS/FT3 LBS/FT3 
65 .63  
68 .38  
6 8 . 7 3  
•65 .48  
6  1 .29  
65 .14  
68 .31  
69 .  39  
67 .19  
65 .4C 
36 .  17  
28 .53  
22 .98  
14 .  54  
13 .31  
32 .  09  
25 .  13  
17 .65  
14 .  23  
11 .83  
33 .32  
24 .86  
20.06 
11.84  
9 .53  
29 .44  
19.41 
13.71  
11 .71  
9 .24  
C O D E  
N U M B E R  
83052 
83102  
83152  
83202  
83252  
MOISTURE 
CONTENT 
PERCENT 
( W . R. ) 
8.77  
13 .21  
16 .37  
19  .  18 
23 .83  
IN  DIE  
LBS/FT3 
GROSS DENSIT IES 
AS F INAL 
RELEASED VALUE 
L0S/FT3 LBS/FT3 
MEADOW FOXTAIL  
71 .73  
78 .56  
81  .  38 
8 3 . 2 4  
82.78  
35 .22  
34 .66  
30 .62  
2 2 . 1 8  
24.69  
31 .78  
29 .30  
21 .63  
17 .10  
18 .27  
CREEPING FOXTAIL  
84052  7 .85  75 .24  41 .4  8  39 .92  
84102  12 .63  80 .84  34 .05  29 .27  
84152  14 .47  83 .00  30 .45  26 .77  
84202  17 .83  83 .45  20 .61  14 .18  
84252  21 .40  84 .63  14 .13  11 .15  
Figure jS (Continued) 
. . .DRY MATTER DENSIT IES. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
65 .44  
68 .17  
6 8 . 0 6  
67.27  
63 .06  
32 .  13  
30 .09  
25 .63  
17 .93  
18 .85  
28 .99  
25 .44  
1 8 . 0 8  
13.83  
13 .94  
69 .34  
70 .63  
70 .97  
68 ' .57  
66 .52  
38 .22  
29 .75  
26 .03  
16 .93  
1 1 . 1 0  
36.78  
25 .57  
22 .89  
11 .65  
8 .76  
C O D E  
N U M B E R  
85052 
85102  
85152  
85202  
85252  
MOISTURE 
CONTENT 
PERCENT 
(W.B.) 
8.42  
13 .80  
15 .78  
18 .41  
22 .09  
IN  DIE  
LBS/FT3 
74 .  46  
80 .  73  
82 .33  
83 .  14  
82 .69  
GROSS DENSIT IES 
AS F INAL 
RELEASED VALUE 
LBS/FT3 L3S/FT3 
BROMEGRASS 
44 .14  41 .24  
30 .28  
29 .5  1  
23 .35  
1 8 . 2 1  
26.13  
26 .10  
18 .80  
15.43  
86052  
86102  
86152  
86202  
86252  
8 .37  
12 .32  
14 .95  
18 .76  
2 2 . 8 0  
74.07  
79 .  24  
81 .38  
83 .  55  
83 .36  
REED CANARYGRASS 
42 .70  39 .89  
35 .42  
27 .80  
16 .54  
16 .96  
28 .77  
24 .01  
14 .75  
14 .49  
Figure 76 (Continued) 
. . .DRY MATTER DENS 
AS 
IN  DIE  RELEASED 
LBS/FT3 LBS/FT3 
68 .20  
69.59  
69 .34  
67 .83  
64 .42  
67 .87  
69 .48  
69 .21  
67 .88  
64 .36  
40 .42  
26 .  10  
24.84  
19 .05  
14 .  19  
39 .  13  
31 .06  
23 .6  5  
13 .44  
13 .09  
IT IES. . .  
F INAL 
VALUE 
LBS/FT3 
37 .76  
22 .52  
21 .97  
15 .34  
12 .  02  
36.55  
25 .22  
20 .42  
11 .98  
11 .19  
C O D E  
N U M B E R  
87052 
87102  
87152  
87202  
87252  
MOISTURE 
CONTENT 
PERCENT (K .B . )  
6 .93  
12 .64  
15 .47  
20 .  64  
25 .05  
GROSS DENSIT IES 
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 LBS/F Ï3  LBS/FT3 
R E D  C L O V E R  
68.  68 
81.72  
84 .74  
84 .28  
83 .  26  
51 .86  
54 .85  
54 .89  
36 .29  
31  .39  
49 .93  
51  .58  
49 .15  
31 .22  
28 .54  
Figure 76 (Continued) 
. . .DRY MATTER DENSIT IES. . .  
AS F INAL 
IN  DIE  RELEASED VALUE 
LBS/FT3 LBS/FT3 LBS/FT3 
63 .91  48 .26  46 .46  
71 .39  47 .91  45 .06  
71 .64  46 .42  41 .57  
66 .88  28 .81  24 .77  
62 .40  23 .53  21 .39  
ro 
ui 
ro 
DIE LENGTH BASED DRY MATTER LENGTH REFERENCE DENSITY BASED 
C O D E  
N U M B E R  
10052 
10102  
10152  
10202  
10252  
11052  
11102  
11152  
11202  
11252  
MOISTURE STRAIN 
CONTENT AS F INAL 
PERCENT RELEASED VALUE 
(VN ' .B . )  IN / IN  IN / IN  
. .BASED STRAIN. .  
AS F INAL 
RELEASED VALUE 
IN / IN  IN / IN  
6 .89  
12 .33  
14 .15  
2 0 . 2 6  
25.31  
6 , 2 2  
1 1 . 1 2  
14.11  
18 .85  
2 2 . 6 2  
0.258  
0 .307  
0 .314  
0 .355  
0 .475  
0 .840  
0 .708  
0 .912  
1 .172  
1 .  145  
0 .357  
0 .404  
0 .484  
0 .592  
0.810 
ALFALFA -  MAY 23  
C .279  0 .387  
0 .366  
0 .387  
0 .488  
0 .722  
KENTUCKY BLUEGRASS 
1 .548  0 .900  
1 .310  0 .822  
1 .756  1 .118  
2 .734  1 .574  
3 .036  1 .646  
0 .579  
0 .596  
0 .815  
1 .  232  
MAY 25  
1.660  
1.522  
2 .152  
3 .6  84  
4 .374  
. . . . . . . . .STRAIN. . . . . . . . '  
AS F INAL 
IN  DIE  RELEASED VALUE 
IN / IN  
0.186 
-0.002 
-0.016 
-0 .048  
-0 .049  
0 .284  
0 .099  
0 .042  
- 0 . 0 0 2  
-0 .014  
IN / IN  
0 .492  
0 .304  
0 .293  
0 .290  
0 .404  
1 .362  
0 .876  
0 .992  
1«  167  
1 .116  
IN / IN  
0 .609  
0 .482  
0 .460  
0 .516  
0 .  723  
2 .272  
1 .537  
1 .872  
2 .721  
2 .978  
G 
w 
Figure 77. Wafer strains for the forage maturity experiment (average 
wafers) 
of two 
D I E  L E N G T H  B A S E D  
M O I S T U R E  S T R A I N  
C O D E  
N U M B E R  
12052 
1 2 1 0 2  
12152 
1 2 2 0 2  
12252 
13052  
13102  
13152  
13202  
13252  
C O N T E N T  
P E R C E N T  
(  W  .  B  .  )  
5 . 4 9  
10.57  
13 .44  
15 .54  
19 .80  
6 . 8 8  
11.29  
16 .41  
18 .36  
23 .37  
A S  
R E L E A S E D  
I N / I N  
0 .637  
0 .509  
0 .544  
0 .607  
0 .710  
0 .265  
0 .391  
0 .406  
0 .438  
0 .798  
F I N A L  
V A L U E  
I N / I N  
D R Y  M A T T E R  L E N G T H  
. . B A S E D  S T R A I N . .  
A S  F I N A L  
R E L E A S E D  V A L U E  
I N / I N  I N / I N  
BROMEGRASS -  MAY 2?  
0 .856  0 .677  0 .9C9 
0 .858  
1 . 0 8 0  
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- 0 . 0 2 2  
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5 .485  3 .447  
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0.981  
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1 7 1 5 2  
1 7 2 0 2  
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7 . 5 4  
12.16  
1 5 . 3 7  
2 0 . 3 1  
2 3 . 3 5  
6 . 6 5  
1 2 . 5 8  
1 5 . 1 2  
1 9 . 7 6  
2 4 . 4 0  
0 . 5 1 0  
0 .  6 4  8  
0 . 7 3 3  
0 . 9 5 8  
1  . 1 5 3  
0 . 3 1 8  
0 . 5 5 7  
0 . 7 6 8  
0 . 6 9 3  
0 . 9 2 4  
FINAL AS F INAL 
VALUE RELEASED VALUE 
IN / IN  IN / IN  IN / IN  
B R O M E G R A S S  -  J U N E  3  
0 . 7 8 7  0 . 5 5 9  0 . 8 6 3  
1 .  3 2 7  
1 . 6 8 3  
2 . 5 1 9  
4  . 1 2 1  
0 . 7 7 1  
0 . 9 2 6  
1 . 3 4 0  
1  . 6 9 0  
1 . 5 7 8  
2 . 1 2 6  
3 . 5 2 8  
6 . 0 5 6  
A L F A L F A  -  J U N E  6  
0 . 4 3 7  0 . 3 4 2  0 . 4 7 0  
0 . 9 5 8  0 . 6 6 2  1 . 1 3 9  
1 . 3 6 5  0 . 9 5 8  1 . 7 G 3  
1 . 3 5 7  0 . 9 4 4  1 . 8 4 9  
1 . 7 2 1  1 . 3 7 6  2 . 5 6 3  
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0 . 1 5 4  
0 .022  
- 0 . 0 2 1  
• 0 . 0 4 5  
• 0 . 0 4 6  
0 . 3 1 7  
0 . 0 5 6  
0 . 0 1 4  
• 0 . 0 2 5  
- 0 . 0 3 6  
0 . 7 4 3  
0 . 6 8 5  
0 . 6 9 7  
0 . 8 7 1  
1 . 0 5 3  
0 . 7 3 6  
0 . 6 4 5  
0 . 7 9 3  
0 . 6 5 1  
0 . 8 5 5  
1 . 0 6 3  
1 . 3 7 8  
1 . 6 2 6  
2 . 3 6 2  
3 . 8 8 5  
0 . 8 9 3  
1 . 0 6 8  
1 . 3 9 9  
1 . 2 9 8  
1 . 6 2 2  
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CODE PERCENT RELEASED VALUE RELEASED VALUE IN  DIE  RELEASED VALUE 
NUMBER (W.B. )  IN / IN  IN / IN  IN / IN  IN / IN  IN / IN  IN / IN  IN / IN  
O A T S  -  J U N E  7  
1 8 0 5 2  7 . 4 9  0 . 4 6 6  0 . 8 7 9  0 . 5 1 5  0 . 9 7 2  0 . 0 4 8  0 . 5 3 7  0 . 9 7 0  
1 8 1 0 2  1 2 . 1 4  0 . 5 3 9  1 . 1 3 0  0 . 6 4 7  1 . 3 5 7  - 0 , 0 3 9  0 . 4 7 9  1 . 0 4 7  
1 8 1 5 2  1 5 . 0 0  0 . 6 6 7  1 . 4 2 6  0 . 8 4 1  1 . 7 9 8  - 0 . 0 5 1  0 . 5 8 1  1 . 3 0 1  
1 8 2 0 2  1 9 . 6 9  0 . 7 0 8  1 . 6 2 6  0 . 9 6 9  2 . 2 2 1  - 0 . 0 5 0  0 . 6 2 3  1 . 4 9 4  
1 8 2 5 2  2 4 . 0 7  0 . 8 1 8  2 . 3 6 2  1 . 2 0 8  3 . 4 8 9  - 0 . 0 4 7  0 . 7 3 3  2 . 2 0 5  
K E N T U C K Y  B L U E 6 R A S S  -  J U N E  8  
1 9 0 5 2  7 . 7 7  0 . 8 8 0  1 . 6 4 5  0 . 9 6 2  1 . 7 9 8  0 . 2 0 7  1 . 2 6 8  2 . 1 9 1  
1 9 1 0 2  1 2 . 1 0  1 . 2 3 0  2 . 4 3 5  1 . 4 4 3  2 . 8 5 6  0 . 0 7 2  1 . 3 9 2  2 . 6 8 7  
1 9 1 5 2  1 5 . 0 2  1 . 4 7 5  2 . 9 0 3  1 . 8 2 4  3 . 5 8 9  0 . 0 2 1  1 . 5 2 6  2 . 9 8 4  
1 9 2 0 2  1 8 . 6 2  2 . 2 9 5  5 . 3 3 9  3 . 0 2 6  7 . 0 3 9  - 0 . 0 0 9  2 . 2 6 5  5 . 2 8 1  
1 9 2 5 2  2 2 . 7 2  3 . 0 0 4  6 . 3 4 6  4 . 2 8 9  9 . 0 5 6  - 0 . 0 3 3  2 . 8 7 1  6 . 1 0 3  
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0 . 6 7 8  
1 .  1 8  5  
1 . 6 7 2  
2 . 4 1 6  
3 . 0 9 6  
K E N T U C K Y  B L U E G R A S S  
1 . 5 0 1  0 . 9 1 6  
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J U N E  2 2  
1  . 6 3 7  
2 . 4  3 4  
3 . 3 0 5  
6 . 0 6 3  
6 . 8 1 2  
REFERENCE DENSITY BASED 
. . . . . . • • .STRAIN. . . . . . . .1  
AS F INAL 
IN  DIE  RELEASED VALUE 
IN / IN  IN / IN  IN / IN  
0 .  1  3 7  
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0 . 7 4 7  
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1 . 7 8 9  
3 . 0 6  7  
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0 . 8 7 2  
1 .  1 4 0  
1 . 6 2 4  
2 . 1 6 5  
1 . 4  8 9  
2 .  1 7 8  
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1 . 3 8 8  
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2 . 6 0 5  
4 .  2 2 6  
4 . 3 6 1  
r o  
cr\ ( j O 
Figure 77 (Continued) 
D I E  L E N G T H  B A S E D  D R Y  M A T T E R  L E N G T H  
M O I S T U R E  . . . . . S T R A I N . . . , .  . . B A S E D  S T R A I N . .  
C O D E  
N U M B E R  
3 2 0 5 2  
3 2 1 0 2  
3 2 1 5 2  
3 2 2 0 2  
3 2 2 5 2  
3 3 0 5 2  
3 3 1 0 2  
3 3 1 5 2  
3 3 2 0 2  
3 3 2 5 2  
CONTENT 
PERCENT 
(W.B. )  
7 . 2 7  
1 2 .  1  3  
1 3 . 7 3  
1 7 . 0 4  
2 2 . 8 4  
8 . 2  0  
1 2 .  9 2  
1 5 . 4 8  
1 9 . 7 0  
2 2 . 7 4  
AS 
RELEASED 
IN /  IN  
0 . 4 3 0  
0 .  7 0 0  
0 . 9 2 5  
1 . 1 9 1  
1 . 5 7 3  
0 . 7 1 1  
1 . 2 8 5  
1 . 7 4 3  
2 . 5 1 7  
2 . 7 7 2  
FINAL AS F INAL 
VALUE RELEASED VALUE 
IN / IN  I .N / IN  IN / IN  
BROMEGRASS - JULY 1 
0 . 6 9 2  
1 . 2 4 6  
1 . 9 6 2  
2 . 7 0 0  
3 . 7 0 9  
0 . 5 2 3  
0 . 8 2 7  
1 . 1 2 7  
1 . 5 4 6  
2 . 2 7 1  
0 . 7 5 4  
1 . 4 7 3  
2 . 3 9 0  
3 . 5 0 7  
5 . 3 5 6  
OATS - JULY 5 
0 . 9 7 1  0 . 7 9 0  1 . 0 7 3  
2 . 4 2 1  1 . 5 4 4  2 . 9 1 0  
3 . 1 6 0  2 . 1 9 3  3 . 9 7 6  
5 . 9 3 6  3 . 4 3 3  8 . 1 0 5  
5 . 8 6 9  3 . 9 9 0  8 . 4 5 2  
REFERENCE DENSITY BASED 
STRAIN 
AS F INAL 
IN  DIE  RELEASED VALUE 
IN / IN  IN / IN  IN / IN  
0 . 1 3 2  
- 0 . 0 0 4  
- 0 . 0 3 2  
- 0 . 0 6 7  
-0.081 
0 . 0 9 7  
0.012 
- 0 . 0 1 7  
- 0 . 0 4 3  
- 0 . 0 4 9  
0 . 6 7 5  
0 . 6 9 3  
0 . 9 6 2  
1  . 0 4 3  
I  . 3 6 3  
0  . 8 7 8  
1 . 3 1 3  
1 . 6 9 8  
2 . 3 6 3  
2 . 5 8 8  
0  .  Q  1  4  
1 . 2 3 8  
1 . 8 6 4  
2 . 4 5 1  
3 . 3 2  5  
1 . 1 6 3  
2 . 4 6 3  
3 . 0 ^ 2  
5 . 6 3 0  
5 . 5 3 3  
ro (j\ 
4=-
Figure 77 (Continued) 
D I E  L E N G T H  B A S E D  D R Y  M A T T E R  L E N G T H  
M O I S T U R E  S T R A I N  B A S E D  S T R A I N . .  
C O D E  
N U M B E R  
8 1 0 5 2  
8 1 1 0 2  
8 1 1 5 2  
8 1 2 0 2  
8 1 2 5 2  
8 2 0 5 2  
8 2 1 0 2  
8 2 1 5 2  
8 2 2 0 2  
8 2 2 5 2  
CONTENT AS 
PERCENT RELEASED 
IW.B. )  IN / IN  
7 . 7 0  
12.81 
1  5 .  3 4  
1 9  . 9 8  
2 4 . 6 9  
7 . 9 2  
11.88 
1 4 . 7 4  
1 9 . 1 9  
2 1 . 2 6  
0 . 6 6 5  
1 . 0 8 2  
1 . 4 6 7  
2 . 2 3 5  
2 . 1 8 7  
0 . 7 4 4  
1 . 2 1 3  
1 . 6 7 2  
2. 163 
2. 167 
FINAL AS 
VALUE RELEASED 
IN / IN  IN / IN  
ORCHARDGRASS 
1 . 0 8 4  
2 . 1 6 8  
3 . 4 C 2  
5 . 8 3 2  
5 . 3 2 7  
0 . 7 2 9  
1 .  2 8 9  
1 . 8 3 2  
3 . 0 2 9  
3 . 2 1 8  
TALL FESCUE 
1 . 2 4  2  0 . 8 1 7  
2 . 7 5 7  1 . 4 2 3  
3 . 8 5 1  2 . 0 7 2  
5 . 3 5 1  2 . 9 1 2  
5 . 6 9 8  3 . 0 4 1  
FINAL 
VALUE 
IN /  IN  
1 . 1 8 8  
2 . 5 8 2  
4 . 2 4 9  
7 . 9 1 2  
7 . 8 8 2  
1 .  3 6 4  
3 . 2 3 4  
4 .  7 7 6  
7 . 2 0 1  
7 . 9 8 2  
REFERENCE DENSITY BASED 
. . . . . . . . .STRAIN. . . . . . . .4  
AS F INAL 
IN  DIE  RELEASED VALUE 
IN / IN  IN / IN  IN / IN  
0 . 1 4 7  
0 .026  
- 0 . 0 1 5  
- 0 . 0 3 5  
- 0 . 0 4 1  
0 . 1 5 2  
0 . 0 4 1  
—0.016 
— 0 . 0 4 8  
- 0 . 0 5 2  
0 .  9 0 9  
1 . 1 3 9  
1 . 4 3 2  
2 .  1 2 3  
2 . 0 5 6  
1 . 0 0 9  
1 . 3 0 4  
1 . 6 3 0  
2.012 
2 . 0 0 0  
1 . 3 9 0  
2 . 2 5 5  
3 . 3 4 2  
5 . 5 9 5  
5 . 0 6 6  
1 . 5 8 3  
2 . 9 1 2  
3 . 7 7 5  
5 . 0 4 7  
5 . 3 4 5  
ro CA 
ui 
Figure 77 (Continued) 
C O D E  
NUMBE 
8 3 0 5 2  
8 3 1 0 2  
8 3 1 5 2  
8 3 2 0 2  
8 3 2 5 2  
8 4 0 5 2  
8 4 1 0 2  
8 4 1 5 2  
8 4 2 0 2  
8 4 2 5 2  
D I E  L E N G T H  B A S E D  D R Y  M A T T E R  L E N G T H  
M O I S T U R E  S T R A I N  B A S E D  S T R A I N . .  
C O N T E N T  
P E R C E N T  
( W . B. ) 
8 . 7 7  
1 3 . 2 1  
1 6 . 3 7  
1 9 . 1 8  
2 3 . 8 3  
7 . 8 5  
1 2 . 6 3  
1 4 . 4 7  
1 7 . 8 3  
2 1 . 4 0  
A S  F I N A L  
R E L E A S E D  V A L U E  
I N / I N  I N / I N  
0 . 7 9 9  
0 . 9 5 2  
1 .  1 7 4  
1 . 8 3 5  
1 . 4 8 2  
0 . 6 6 9  
1 .  1 0 1  
1 . 3 0 6  
1 . 9 2 9  
2 . 5 7 2  
1 . 3 1 7  
2 . 3 1 7  
3 . 0 8 7  
4 . 5 2 3  
4 . 1 9 0  
A S  F I N A L  
R E L E A S E D  V A L L E  
I N / I N  I N / I N  
MEADOW FOXTAIL 
0 . 8 8 9  1 . 4 6 5  
1 . 1 4 5  
1 . 4 9 4  
2 . 4 6 6  
2 . 1 7 6  
2 . 7 8 9  
3 . 9 3 2  
6 . 0 7 8  
6 .  1 3 0  
CREEPING FOXTAIL 
1 . 0 5 3  0 . 7 3 9  1 . 1 6 3  
2 . 3 3 2  
3 . 0 9 5  
4 . 5 0 0  
7 . 2 0 3  
1 . 3 1 8  
1 . 6 1 7  
2 . 5 3 3  
3 . 6 2 5  
2 . 7 9 0  
3 . 8 3 6  
5 . 9 1 1  
1 0 . 1 6 6  
R E F E R E N C E  D E N S I T Y  B A S E D  
. . . . . . . . . S T R A I N . . • * . . . . I  
A S  F I N A L  
I N  D I E  R E L E A S E D  V A L U E  
I N / I N  I N / I N  I N / I N  
0 .  1 5 3  
0 . 0 4 1  
- 0 . 0 0 4  
- 0 . 0 3 4  
- 0 . 0 4 1  
0 . 0 9 7  
C . 0 0 8  
- 0 . 0 2 2  
- 0 . 0 3 7  
- 0 . 0 5 9  
1 . 0 7 5  
1 . 0 2 9  
1 . 1 6 4  
1 . 7 3 8  
1 . 3 7 9  
0 . 8 3 1  
1.118 
1 . 2 5 6  
1 . 8 2 1  
2 . 3 6 0  
1 . 6 7 2  
2 . 4 3 9  
3 . 0 6 7  
4 . 3 3 4  
3 . 9 7 5  
1 . 2 5 3  
2 . 3 5 7  
3 . 0 0 2  
4 . 2 9 7  
6 . 7 1 3  
r o  
cr\ 
CA 
77 (Continued) 
DIE LENGTH BASED DRY MATTER LENGTH REFERENCE DENSITY BASED 
C O D E  
N U M B E R  
8 5 0 5 2  
8 5 1 0 2  
8 5 1 5 2  
8 5 2 0 2  
8 5 2 5 2  
8 6 0 5 2  
86102 
8 6 1 5 2  
8 6 2 0 2  
8 6 2 5 2  
MOISTURE STRAIN. . . .  
CONTENT AS F INAL 
PERCENT RELEASED VALUE 
(W.B. )  IN / IN  IN / IN  
. .BASED STRAIN. .  
AS F INAL 
RELEASED VALUE 
IN / IN  IN / IN  
8 . 4 2  
1 3 . 8 0  
1 5 . 7 8  
1 8 . 4 1  
2 2 . 0 9  
8 . 3 7  
1 2 . 3 2  
1 4 . 9 5  
1 8 . 7 6  
2 2 . 8 0  
0 . 5 6 0  
1 . 2 0 5  
1 . 1 9 9  
1 . 7 3 9  
2 . 1 6 3  
0 . 6 1 7  
1 . 0 0 7  
1 . 3 9 2  
2. 117 
2 .281  
0 . 9 7 3  
2 . 3 5 8  
2 . 4 9 9  
4 . 2 0 3  
4 . 2 8 1  
BROMEGRASS 
0 . 6 2 2  
1 . 4 6 7  
1 . 5 1 3  
2 .  3 0 4  
3 . 0 5 6  
1 . 0 8 1  
2 . 8 7 1  
3 .  1 5 5  
5 . 5 6 3  
6 . 0 5 3  
REED CANARYGRASS 
1 . 0 5 4  0 . 6 8 5  1 . 1 7 0  
1 . 9 5 4  1 . 1 9 3  2 . 3 1 6  
2 . 7 8 0  1 . 7 3 1  3 . 4 5 8  
4 . 6 7 9  2 . 8 2 8  6 . 2 4 9  
5 . 4 8 2  3 . 2 8 3  7 . 8 7 4  
I N  D I E  
I N / I N  
0 . 0 8 9  
- 0 . 0 0 9  
- 0 . 0 3 4  
- 0 . 0 4 9  
- 0 . 0 5 3  
0 . 0 9 2  
0.011 
- 0 . 0 2 2  
• 0 . 0 5 7  
- 0  . 0 5 4  
.STRAIN. . . . . . . .4  
AS F INAL 
RELEASED VALUE 
IN / IN  IN / IN  
0 . 6 9 8  
1  , 1 8 4  
1. 126 
1 . 6 0 4  
1  . 9 9 5  
0 . 7  6 6  
1 . 0 2 9  
1  . 3 3 8  
1 . 9 4 0  
2 . 0 7 0  
1.14 8 
2 . 3 2 6  
2 . 3 8 2  
3 . 9 4 6  
4 . 0 0 0  
1 . 2 4  3  
1 . 9 8 6  
2 . 6 9 5  
4 .  3 5 7  
5 . 0 6 6  
Figure 77 (Continued) 
CODE 
NUMBER 
8 7 0 5 2  
8 7 1 0 2  
8 7 1 5 2  
8 7 2 0 2  
8 7 2 5 2  
MOISTURE 
CONTENT 
PERCENT 
(  W .  B .  )  
6 . 9 3  
12. 64 
1 5 . 4 7  
2 0 . 6 4  
2 5 . 0 5  
DIE LENGTH BASED 
. . . . .STRAIN. . . . .  
AS F INAL 
RELEASED VALUF 
IN / IN  IN / IN  
0 . 2 4 4  0 . 3 9 5  
0 . 4 1 8  0 . 7 7 1  
0 . 4 7 8  0 . 9 2 3  
0 . 9 9 3  1 . 8 2 1  
1 . 0 5 8  2 . 3 9 3  
Figure 77 (Continued) 
DRY MATTER LENGTH REFERENCE DENSITY BASED 
. .BASED STRAIN STRAIN 
AS F INAL AS F INAL 
RELEASED VALUE IN  DIE  RELEASED VALUE 
IN / IN  IN / IN  IN / IN  IN / IN  IN / IN  
RED CLOVER 
0 . 2 6 4  0 . 4 2 7  0 . 1 7 1  0 . 4 5 7  0 . 6 3 4  
0 . 5 0 0  0 . 9 2 3  - 0 . 0 3 0  0 . 3 7 5  0 . 7 1 7  
0 . 6 0 5  1 . 1 7 0  - 0 . 0 7 1  0 . 3 7 3  0 . 7 8 7  
1 . 3 7 7  2 . 5 2 5  - 0 . 0 7 8  0 . 8 3 7  1 . 6 0 1  
1 .  5 8 9  3 . 5 9 5  - 0 . 0 7 7  0 . 9 0 0  2 . 1 3 ?  r o  
. 00 
CODE S T E M S  M O I S T U R E  D E N S I T Y  D E N S I T Y  P R O T E I N  P E C T I N  
C O N T E N T  O F  O F  L E V E L  L E V E L a  
P E R C E N T  P A R T I C L E S  M I X T U R E  
NUMBER P E R C E N T  ( W . B .  )  L B S / F T 3  L B S / F T 3  P E R C E N T  P E R C E N T  
ALFALFA - MAY 2 3  
1 0 0 5 2  3 3 - 3  6 . 8 9  8 5 . 0 5  8 3 . 4 9  2 3 . 9 0  7 2 . 0  
10102 3 3 . 3  1 2 . 3 3  8 5 . 0 5  8 2 . 2 6  2 3 . 9 0  7 2 . 0  
1 0 1 5 2  3 3 . 3  1 4 . 1 5  8 5 . 0 5  8 1 . 8 5  2 3 . 9 0  7 2 . 0  
1020.2 3 3 . 3  2 0 . 2 6  8 5 . 0 5  S C . 4 6  2 3 . 9 0  7 2 . 0  
1 0 2 5 2  3 3 . 3  2  5 . 3 1  8 5 . 0 5  7  9 . 3 2  2 3 . 9 0  7 2 . 0  
KENTUCKY BLUEGRASS - MAY 25 
1 1 0 5 2  2 0 . 8  6 . 2 2  8 8 . 4 9  8 6 . 8 6  1 1 . 3 0  5 1 . 0  
1 1 1 0 2  2 0 , 8  1 1 . 1 2  8 8 . 4 9  8 5 . 5 8  1 1 . 3 0  5 1 . 0  
1 1 1 5 2  2 0 . 8  1 4 . 1 1  8 8 . 4 9  8 4 .  8 0  1 1 . 3 0  5 1 . 0  
1 1 2 0 2  2 0 . 8  1 8 . 8 5  8 8 . 4 9  8 3 . 5 7  1 1 . 3 0  5 1 . 0  
1 1 2 5 2  2 0 . 8  2 2 . 6 2  8 8 . 4 9  8 2 . 5 9  1 1 . 3 0  5 1 . 0  
^PERCENT TRANSMISS. @ 520 nyc 
Figure 78. Properties of the forage for the forage maturity experiment 
C O D E  
NUMBER 
12052  
12102  
12152  
12202  
12252  
S T E M S  
PERCENT 
0 .3  
8 .3  
8 .3  
8 .3  
8 .3  
MOIS|TURE 
CONTENT 
PERCENT (W.B. )  
5 .49  
10 .57  
13 .44  
15 .54  
19 .00  
DENSITY 
OF 
PARTICLES 
LBS/FT3 
DENSI  TY 
CF 
MIXTURE 
LBS/FT3 
BROMEGRASS - MAY 2? 88.70  87 .25  
80 .70  
88 .  70  
88 .70  
88 .70  
85 .92  
85 .16  
84 .61  
83 .49  
P R O T E I N  
L E V E L  
PERCENT 
11 .30  
11 .30  
11 .30  
11 .30  
11 .  30  
PECTIN 
LEVEL 
PERCENT 
80.0 
80.0 
80.0 
80.0 
80.0 
13052 
13102  
13152  
13202  
13252  
44 .2  
44 .2  
44 .2  
44 .2  
44 .2  
ALFALFA -  MAY 30  
6 .88  85 .64  84 .04  
11 .29  85 .64  83 .01  
16 .41  85 .64  81 .82  
18 .36  85 .64  81 .37  
23 .37  85 .64  80 .21  
2 0 . 0 0  
2 0 . 0 0  
2 0 . 0 0  
2 0 . 0 0  
20.00 
6 6.0 
66.0 
66.0 
6 6.0 
66.0 
Figure 78 (Continued) 
CODE 
NUMBER 
STEMS 
PERCENT 
MOISTURE 
CONTENT 
PERCENT (W.B. )  
DENSITY 
OF 
PARTICLES 
LBS/FT3 
DENSITY 
CF 
MIXTURE 
LBS/FT3 
PROTEIN 
LEVEL 
PERCENT 
PECTIN 
LEVEL 
PERCENT 
14052  10 .3  8 .57  
OATS - MAY 31 
88  .07  85 .87  19 .90  80 .0  
14102  10 .3  14 .13  88 .07  84 .44  19 .90  80  .0  
14152  10 .3  17 .39  88  .07  83 .60  19 .90  80 .0  
14202  10 .3  21 .81  88 .07  82 .47  19 .90  80 .0  
14252  10 .3  24 .24  88 .07  81 .85  19 .90  8  0 .0  
KENTUCKY BLUEGRASS - JUNE 1 
15052  54 .6  7 .66  86 .63  84 .78  9 .90  87 .0  
15102  54 .6  12 .09  86 .63  83 .70  9 .90  87 .0  
15152  54 .6  14 .47  86 .63  83 .13  9 .90  87 .0  
15202  54 .6  18 .77  86 .63  82 .09  9 .90  87 .0  
15252  54 .6  22 .26  86 .63  81 .24  9 .90  87 .0  
Figure 78 (Continued) 
C O D E  
NUMBER 
16052  
16102  
16152  
16202  
16252  
S T E M S  
PERCENT 
39 .4  
39 .4  
39  .4  
39 .4  
39 .4  
MOISTURE 
CONTENT 
PERCENT (W.B. )  
7 .54  
1 2 .  1 6  
15.37  
2 0 . 8 1  
23.35  
DENSITY 
OF 
PARTICLES 
LBS/FT3 
D E N S I T Y  
C F  
MIXTURE 
LBS/FT3 
BROMEGRASS - JUNE 3 86.43  84 .62  
86 .43  
86 .43  
86 .43  
86 .43  
83 .51  
82 .74  
81 .43  
8C.82  
P R O T E I N  
L E V E L  
PERCENT 
9 .70  
9 .70  
9 .70  
9 .70  
9 .70  
PECTIN 
LEVEL 
PERCENT 
84 .0  
84 .0  
84 .0  
84 .0  
84 .0  
17052  
17102  
17152  
17202  
17252  
50 .3  
50 .3  
50 .3  
50 .3  
50 .3  
ALFALFA - JUNE 6 
6 .65  86 .63  85 .02  
12 .58  86 .63  83 .58  
15 .12  86 .63  82 .97  
19 .76  86 .63  81 .85  
24 .40  86 .63  8C.72  
19 .00  
19 .00  
19 .00  
19 .00  
19 .00  
6 2 . 0  
6 2 . 0  
6 2 . 0  
6 2 . 0  
6 2 . 0  
Figure 78 (Continued) 
CODE 
NUMBER 
18052 
STEMS 
PERCENT 
17.3 
MOISTURE 
CONTENT 
PERCENT (W.B.) 
7.49 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
OATS -  JUNE 
85.25 
18102 17.3 12.14 85.25 
18152 17.3 15.00 85.25 
18202 17.3 19.69 85.25 
18252 17.3 24.07 85.25 
KENTUCKY BLUEGRASS 
19052 63.1 7.77 84.28 
19102 63.1 12. 10 84.28 
19152 63.1 15.02 84.28 
19202 63.1 18.62 84.28 
19252 63.1 22.72 84.28 
Figure 78 (Continued) 
DENSITY PROTEIN PECTIN 
GF LEVEL LEVEL 
MIXTURE 
LBS/FT3 PERCENT PERCENT 
83.53 14.60 81.0 
82.47 14.60 81.0 
81.82 14.60 81.0 
80.75 14.60 81.0 
7S.75 14.60 81.0 
JUNE 8 
82.58 9.00 89.0 
81.63 9.00 89.0 
80.99 9.00 89.0 
8C.21 9.00 89.0 
79.31 9.00 89.0 
(jO 
CODE 
UMRER 
20052 
2 0 1 0 2  
20152 
20202  
20252 
21052 
2 1 1 0 2  
21152 
2 1 2 0 2  
21252 
S T E M S  
PERCENT 
54.5 
54.5 
54.5 
54,5 
54.5 
49.7 
49.7 
49.7 
49.7 
49.7 
MOISTURE 
CONTENT 
PERCENT 
(W.B.)  
6 .98 
11.45 
13.95 
2 0 . 6 1  
17.48 
7.44 
12.73 
14 .91 
19.55 
23.61 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
BROMEGRASS -  JUI  
83.71 
83.71 
83.71 
83.71 
83.71 
ALFALFA -  JUNE 
82.78 
82.78 
82.78 
82.78 
82.78 
DENSITY 
CF 
MIXTURE 
LBS/FT3 
10 
8 2 . 2 2  
81.27 
8C.74 
79.32 
79.99 
81.27 
8C.19 
79.74 
78.80 
77.97 
P R O T E I N  
L E V E L  
PERCENT 
8 i30 
8.30 
8.30 
8.30 
8.30 
17.  80 
17.80 
17.80 
17.80 
17.80 
(Continued) 
CODE 
lUMBER 
22052 
2 2 1 0 2  
22152 
2 2 2 0 2  
22252 
23052 
23102 
23152 
23202 
23252 
'Igure 
STEMS MOISTURE DENSITY DENSITY PROTEIN 
CONTENT OF OF LEVEL 
PERCENT PARTICLES MIXTURE 
PERCENT {W.B.  )  LBS/FT3 LBS/FT3 PERCENT 
OATS -  JUNE 14 
57.4 6.85 82.78 81.39 11.40 
57.4 11.64 82.78 80.41 11.40 
57.4 15.13 82.78 79.70 11.40 
57.4 18.84 82.78 78.94 11.40 
57.4 22.70 82.78 78.16 11.40 
KENTUCKY BLUEGRASS -  JUNE 15 
33.5 7.21 83.15 81.66 8.70 
33.5 1  1.44 83.15 8C.78 8.70 
33.5 13.56 83.15 8C.34 8.70 
33.5 18.15 83.15 .  79.39 8.70 
33.5 20.70 83.15 78.86 8.70 
78 (Continued.) 
C O D E  
NUMBER 
24052 
24102 
24152 
24202 
24252 
STEMS 
PERCENT 
55.3 
55.3 
55.3 
55.3 
55.3 
MOISTURE 
CONTENT 
PERCENT 
I  W .  B .  ) 
7 .33 
11.89 
13.88 
18.33 
22.90 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
BROMEGRASS -  JUNE 17 
83.15 81.63 
83.15 
83.  15 
83.15 
83.15 
80.69 
80.27 
79.35 
78.40 
P R O T E I N  
L E V E L  
PERCENT 
7 .60 
7.60 
7.60 
7.60 
7.60 
P E C T I N  
L E V E L  
PERCENT 
99.0 
99.0 
99.0 
99.0 
99.0 
25052 
25102 
25152 
25202 
25252 
62.3 
62.3 
62.3 
62.3 
62.3 
6.98 
12.04 
15.19 
18 .88  
22.07 
ALFALFA -  JUNE 20 
82.42 81.02 
82.42 
82.42 
82.42 
82.42 
8 0 . 0 1  
79.38 
78.  64 
78.00 
16.30 
16.30 
16.30 
16 .30 
16.30 
95.0 
95.0 
95.0 
95.  0 
95.0 
Figure 78 (Continued) 
C O D E  
NUMBER 
26052 
26102 
26152 
26202 
26252 
S T E M S  
PERCENT 
69.9 
69.9 
69.9 
69.9 
69.9 
MOISTURE 
CONTENT 
PERCENT 
( W . B. ) 
6.57 
11.44 
13.81 
17.62 
21 .90 
DENSITY 
'  OF 
PARTICLES 
LBS/FT3 
OATS -  JUNE 21 
86.23 
86.23 
86.23 
86.  2 3  
86.23 
27052 
27102 
27152 
27202 
27252 
28.4 
28.4 
28.4 
28.4 
28.4 
KENTUCKY BLUEGRASS 
7 .67 85.83 
11.39 85.83 
15.34 85.83 
18.01 85.83 
21.78 85.83 
Figure JS (Continued) 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
84.67 
83.51 
82.94 
82.03 
81.01 
JUNE 22 
84 .04 
83.  16 
87.24 
81.61 
80.73 
P R O T E I N  
L E V E L  
PERCENT 
8 .  10  
8 .  1 0  
8 . 1 0  
8 . 1 0  
8 . 1 0  
R.50 
8.50 
8.50 
8.50 
8.50 
P E C T I N  
L  E V E L  
PERCENT 
99.0 
99.0 
99.  0 
99.0 
99 .0  
99.0 
99 .  0 
99.0 
99.0 
99.0 
C O D E  
NUMBER 
28052 
28102 
28152 
28202 
28252 
29052 
29102 
29152 
29202 
29252 
S T E M S  
PERCENT 
6 6 . 6  
66 . 6 
6 6 . 6  
6 6 . 6  
66.6 
63.2 
63.2 
63.2  
63.2 
63.2 
MOISTURE 
CONTENT 
PERCENT 
{ W . B . ) 
7.48 
11.31 
13.60 
17.62 
21.32 
7.  14 
12.39 
14.56 
1 8 . 6 8  
22 .00  
DENSITY 
OF 
PARTI CL ES 
LBS/ f -T3 
DENSITY 
OF 
MIXTURE 
L8S/rT3 
BROMEGRASS -  JUNE 24 
84.66 83.00 
84.66 
84.  66 
84.66 
84.66 
82.05 
82.05 
82.05 
82.05 
82.15 
81.64 
80.74 
79.92 
ALFALFA -  JUNE 2? 
82.05 80.65 
79.62 
79.  19 
78.39 
77.7  3 
P R O T E I N  
L E V E L  
PERCENT 
5.60 
5.60 
5.60 
5.60 
5.60 
15.30 
15.30 
15.30 
15.30 
15.30 
P E C T  I M  
L E V E L  
PERCENT 
99.0  
99.0 
99.0  
99.0  
99.0  
94.0  
94.0  
94.0  
94. 0 
94.0 
ro 
00 
Figure 78 (Continued) 
CODE 
UMBER 
30052 
30102 
30152 
30202 
30252 
31052 
31102 
31152 
31202 
31252 
igure 
S T E M S  
PERCENT 
72.2 
72.2 
72.2 
72.2 
72.2 
38.5  
38.5  
38.5 
38.5 
38.5 
MOI STUPE 
CONTENT 
PERCENT 
{  W .  B.  )  
6 .84 
1 1 . 0 1  
13.28 
18.02 
20.58 
DENSITY 
OF 
PARTICL ES 
LBS/FT3 
OATS -  JUNE 28 
85.83 
05.83 
85.83 
85.83 
85.83 
KENTUCKY BLUEGRASS 
7.92 82.78 
11.91 82.78 
13.89 82.78 
18.44 82.78 
19.20 82.78 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
84.23 
83.25 
82.72 
8 1 . 6 1  
81 . 01 
JUNE 29 
81.17 
80.35 
79.95 
79.02 
78.  87 
PROTEIN 
LEVEL 
PERCENT 
6 .80  
6.  80 
6. 80 
6.80 
6 . 8 0  
7.90 
7.90 
7.90 
7.  90 
7.90 
P E C T I N  
L E V E L  
PERCFNT 
99.0 
99.0  
99.0 
99.  0 
99.0  
99.0 
99.0 
99.  n 
99.0 
9Q.0 
ro 
VD 
78 (Continued) 
CODE 
NUMBER 
32052 
32102 
32152 
32202 
32252 
33052 
33102 
33152 
33202 
33252 
S T E M S  
PERCENT 
64.0  
64 .  0 
64.0 
64.0 
64.0 
74.5 
74.5 
74.5 
74.5 
74.5 
MOISTURE 
CONTENT 
PERCENT 
(N.B.)  
7 .27 
12.13 
13.73 
17.04 
22.84 
8.20 
12.92 
15.48 
19.70 
22.74 
DENSITY 
Of-
PARTICLES 
LDS/FT3 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
BROMEGRASS -  JULY 1 
81.34 79.96 
81.34 
81.34 
81.34 
81.  34 
OATS -  JULY 5 
84.86 
84.  86 
84 .86 
84.  86 
84.  86 
79.04 
78.74 
78. 1 1  
77 .01 
83.01 
81.96 
81 .33 
8 0 .43 
79.75 
PROTEIN 
LEVEL 
PERCENT 
5.90 
5.90 
5.90 
5.90 
5.90 
6.SO 
6 . 8 0  
6 .  8 0  
6.80 
6. 80 
PECTIM 
L E V E L  
PERCENT 
98.0 
98.0 
98.  0 
98.0 
9 8 .0 
99.0 
99.0 
99.0 
99.0 
99.0 
ro 
00 
o 
.Figure 78 (Continued) 
C O D E  
NUMBER 
81052 
8 1 1 0 2  
81152 
81202 
812,52 
82052 
8 2 1 0 2  
82152 
82202 
82252 
S T E M S  
PERCENT 
65.9 
65.9 
65.9 
65.9 
65.9 
82.2 
82.2 
82.2 
82.2 
82.2 
MOISTURE 
CONTENT 
PERCENT 
(W.B.)  
7  .70 
1 2 . 8 1  
15.34 
19.98 
24.69 
7.92 
1 1 . 8 8  
14.74 
19.19 
2 1 . 2 6  
DENSITY 
OF 
PARTICLES 
LBS/FT3 
ORCHARDGRASS 
83.15 
83.15 
83.15 
83.  15 
83.15 
TALL FESCUE 
83.15 
83.15 
83.  15 
83.15 
83.15 
Figure 78 (Continued) 
DENSITY 
Cf 
MIXTURE 
LBS/FT3 
81.55 
8C.49 
79.97 
79.CO 
78.03 
81.51 
80.69 
8C.09 
79.17 
78.74 
P R O T E I N  
L E V E L  
PERCENT 
14.  10 
14.10 
14.10 
14.10 
14.10 
8 . 1 0  
8.10 
8 . 1 0  
8 . 1 0  
8 . 1 0  
P E C T I N  
L E V E L  
PERCENT 
90.0 
90.0 
90.0 
90.0 
90.0 
ro 
00 i-j 
85.0 
85.0 
85.0 
85.0 
85.0 
CODE 
NUMBER 
83052 
STEMS 
PERCENT 
30.9 
MOISTURE 
CONTENT 
PERCENT 
(W.B.)  
8 .77 
DENSITY 
OF 
PARTICLES 
LBS/FT3 
MEADOW FOXTAIL 
84.66 
DENSITY 
CF 
MIXTURE 
LBS/FT3 
82.71 
PROTEIN 
LEVEL 
PERCENT 
9 .30 
PECTIN 
LEVEL 
PERCENT 
85.0 
83102 30,9 13.21 84.66 81.72 9.30 85.0  
83152 30.9 16.37 84.66 81.02 9.30 85.0 
83202 30.9 19.  18 84.66 80.39 9.30 85.0 
83252 30.9 23.83 84.66 
CREEPING FOXTAIL 
79.36 9.30 85.0 
84052 59.7 7.85 84.28 82.56 7.70 93.0 
84102 59.7 12.63 84.28 81.52 7.70 93.0 
84152 59.7 14.47 84.28 81.11 7.70 93.0 
84202 59.7 17.83 84.28 80.38 7.70 93.0 
84252 59.7 21.40 84.28 79.60 7.70 93.0 
Figure 78 (Continued) 
C O D E  
NUMBER 
85052 
85102 
85152 
85202 
85252 
86052 
86102 
86152 I  
86202 
86252 
S T E M S  
PERCENT 
69.0 
69.  0 
69.0 
69.0  
69.0 
59.4 
59.4 
59.4 
59.4 
59.4 
MOISTURE 
CONTENT 
PERCENT 
(W.B.)  
8 .42 
13.80 
15.78 
18.41 
22.09 
8.37 
12.32 
14.95 
18.76 
2 2 . 8 0  
DENSITY 
OF 
PARTICLES 
LBS/FT3 
BROMEGRASS 
82.  78 
82.78 
82.78 
82.78 
82.78 
REED CANARYGRASS 
8 2 . 6 0  
8 2 . 6 0  
8 2 . 6 0  
8 2 . 6 0  
8 2 . 6 0  
DENSITY 
OF 
MIXTURE 
LBS/FT3 
81.07 
79.97 
79.57 
79.03 
78.28 
80.91 
80. 11 
79.58 
78.81 
77.99 
P R O T E I N  
L E V E L  
PERCENT 
7 .70 
7.70 
7.70 
7.70 
7.70 
9.10 
9.10 
9.10 
9.10 
9.10 
P E C T I N  
L E V E L  
PERCENT 
99.0 
99.0 
99.0 
99.0 
99.0 
85.0 
85.0 
85.0 
85.0 
85.0 
ro 
00 U) 
Figure 78 (Continued) 
CODE 
NUMBER 
STEMS 
PERCENT 
MOISTURE 
CONTENT 
PERCENT 
(W.B.)  
DENS ITY 
OF 
PARTICLES 
LRS/FT3 
87052 53.9 6.93 RED CLOVER 81.69 
87102 53.9 12.64 81.69 
87152 53.9 15.47 81.69 
87202 53.9 20.64 81.69 
87252 53.9 25.05 81.69 
Figure 78 (Continued) 
DENSITY 
OF 
MIXTURE 
LBS/FT3 
80.36 
79.25 
78.71 
77.71 
76.  06 
PROTEIN 
LEVEL 
PERCENT 
13.20 
13.20 
13.20 
13.20 
13.20 
PECTIN 
Lf -VFL 
PERCENT 
65.0 
6  5 . 0  
65.0 
6 5 .0 
6 5 .0 
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C O D E  
N U M B E R  
PERMANENT 
STRAIN 
IN/ IN 
FIBER 
STRESS 
LBS/ IN2 
SECANT 
MODULUS 
LBS/IN2 
UNIT 
ENERGY 
IN-LB/ IN3 
1005 
1010 
1015 
1020 
1025 
ALFALFA -  MAY 23 
0.0083 12542.2  331975.  
0 .0080 3379.7 147975.  
0 .0091 4261.0 159750.  
0 .0046 2058.5 67935.  
0 .0047 1850.5 77502.  
12.0740 
3.9047 
4.6010 
2.5633 
2.2655 
KENTUCKY BLUEGRASS -  MAY 25 
1105 
1 1 1 0  
1115 
1120 
1125 
0.0142 
0.0096 
0.0176 
0.0138 
0.0140 
10130.7 
10041.0 
5046.7 
4288-7 
3328.5 
371925.  
426650.  
221000, 
152650.  
126180.  
11.5057 
8.1712 
6.1697 
4.9865 
3.4745 
1205 
1210  
1215 
1220 
1225 
BROMEGRASS -  MAY 27 
0.0042 4881.2 151827.  
0 .0059 2133.7 73250.  
0 .0052 1992.2 77502.  
0 ,0055 1456.0 58397.  
0.0047 1610.5 70520.  
5 .2660 
2.4805 
1.5150 
1.4069 
1.7582 
1305 
1310 
1315 
1320 
1325 
ALFALFA -  MAY 30 
0.0100 16595.0 377250-
0.0097 10961.7 280250.  
0 .0067 4501.0 187900.  
0.0046 3132.2  108092.  
0 .0032 2443.5 86712.  
15.9575 
15.4857 
4.2892 
2.7167 
2.5178 
OATS -  MAY 31 
1405 
1410 
1415 
1420 
1425 
0.0049 
0.0024 
0.0042 
0.0030 
0 . 0 1 0 6  
778.6 
276.6 
425.2 
415.3  
213.1 
25298.  
9119.  
16440.  
15694.  
6360.  
0 .9813 
0.3832 
0.5320 
0.4835 
0.5346 
Figure 79. Stem bending tests results for the forage 
maturity experiment (average of four tests) 
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CODE PERMANENT FIBER SECANT UNIT 
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/ IN LBS/IN2 LBS/ IN2 IN-LB/ IN3 
KENTUCKY BLUEGRASS -  JUNE 1 
1505 0.0043 8525.0 323325.  5.6922 
1510 0.0037 5080.0 153262.  2.5728 
1515 0.0027 3367.2 87980.  1.7802 
1520 0.0034 3883.5 138142.  2 .4782 
1525 0.0034 2396.7 6^552.  1.7676 
BROMEGRASS -  JUNE 3 
1605 0.0030 8319.7 280875.  9 .7390 
1610 0.0054 6191.0 223357.  7 .8100 
1615 0.0042 2282.7 92452.  2.8648 
1620 0.0062 4811.5 165875.  6 .7400 
1625 0.0103 1898.2 54157.  3.3602 
ALFALFA -  JUNE 6 
1705 0.0056 14809.0 419950.  15.1065 
1710 0.0071 8948.2 285775.  8 .2850 
1715 0.0074 5407.2 179475.  5 .7195 
1720 0.0052 2248.2 91755.  2.4252 
1725 0.0046 2988.2 109725.  2.9595 
OATS -  JUNE 7 
1805 0.0048 1855.1 63330.  2.4430 
1810 0.0069 1419.9 55007.  1.9140 
1815 0.0065 1922.0 64302.  •  2 .2156 
1820 0.0065 825.2 25227.  1 .2291 
1825 0.0057 482.4 16493.  0 .8789 
KENTUCKY BLUEGRASS -  JUNE 8 
1905 '  0.0055 16295.0 326225.  11.4342 
1910 0.0063 9377.2 309300.  8.6262 
1915 0.0033 8467.7 279575.  14.2767 
1920 0.0037 6241.5 215700.  6.4740 
1925 0.0022 4443.7 123605.  6 .0147 
Figure 79 (Continued) 
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C O D E  
N U M B E R  
PERMANENT 
STRAIN 
IN/ IN 
FIBER 
STRESS 
LBS/IN2 
SECANT 
MODULUS 
LBS/ IN2 
UNIT 
ENERGY 
IN-LB/IN3 
BROMEGRASS -  JUNE 10 
2005 
2010 
2015 
2020  
2025 
0.0056 
0.0040 
0.0058 
0.0055 
0.0044 
19154.2  
10667.2  
7163.2 
6702.5  
6 1 0 0 . 2  
625450,  
369400.  
313650,  
271050.  
234275.  
26.4030 
12.9235 
9.7697 
9.0815 
9.1042 
2105 
2110 
2115 
2120 
2125 
ALFALFA -  JUNE 13 
0.0064 14905.0  357000.  
0 .0077 6762.5 208375.  
0 .0082 4143.0  146567.  
0.0073 3480.5 119700.  
0 .0061 2400.7  88430.  
13.1450 
6.8830 
4.4817 
3.2997 
2.3587 
2205 
2210 
2215 
2220 
2225 
0.0049 
0.0058 
0.0055 
0.0049 
0.0050 
OATS -  JUNE 14 
.  2108.7 67662.  
1781.2 56930.  
1509.2 56410.  
1385.Ô 53157.  
1300.9 54145.  
3 .3762 
3.1100 
2 .9890 
2.2955 
2.2805 
KENTUCKY BLUEGRASS -  JUNE 15 
2305 
2310 
2315 
2320 
2325 
0.0031 
0.0037 
0.0017 
0.0023 
0.0030 
13575.0 
8407.5 
7227.7 
5470.0  
4336.0  
409200.  
223600.  
159360.  
181600. 
124030.  
19.6650 
6.8720 
7 .6492 
9 .3622 
4.6124 
BROMEGRASS -  JUNE 17 
2405 
2410 
2415 
2420 
2425 
0.0086 
0.0097 
0.0079 
0 . 0 1 2 0  
0.0073 
22325.0  
17882.5 
14737.5 
9115.7 
8417.0 
661300.  
687125.  
596125,  
390100.  
341575,  
34.8875 
24.3425 
20.5200 
1  1.6067 
12.8572 
Figure 79 (Continued) 
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CODE PERMANENT FIBER SECANT UNIT 
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/ IN LBS/IN2 LBS/IN2 IN-LR/ IN3 
ALFALFA -  JUNE 20 
2505 0,0113 16355.0 475150.  7 .8392 
2510 0.0059 8280.7 348275.  4 .5517-
2515 0.0062 5317.5 210450.  4 .7390 
2520 0.0067 3735.0 154600.  6 .3947 
2525 0.0077 5506.5 191700.  • 8 .5770 
OATS -  JUNE 21 
2605 0.0041 5956.0 233775.  9 .3465 
2610 0.0040 2846.0 112595.  3 .9210 
2615 0.0028 1541.0 64395.  2 .5510 
2620 0.0043 1915.0 76762.  3 .1027 
2625 0.0042 1971.7 84747.  3 .3950 
KENTUCKY BLUEGRASS -  JUNE 22 
2705 0.0041 12884.5 258750.  6 .2317 
2710 0.0044 . 7301.2 191175.  6 .8650 
2715 0.0015 4566.0 99987.  4 .5828 
2720 0.0029 5891.5 140215.  8 .9522 
2725 "  0.0030 6082.2 160975.  5 .8130 
BROMEGRASS -  JUNE 2k 
2805 0.0070 24312.5 655025.  33.7725 
2810 0.0087 15664.7 573275.  23.5375 
2815 0.0086 12654.5 481725.  19.1232 
2820 0.0098 16170.0 643625.  23.5300 
2825 0.0067 9554.5 400425.  13.4555 
ALFALFA -  JUNE 27 
2905 0.0064 8898.7 319225.  7 .8065 
2910 0.0087 7459.2 237675-  5.7255 
2915 0.0069 5257.5 189000.  5 .5990 
2920 0.0056 6308.2 232550.  6 .0035 
2925 0.0062 3710.2 141525.  3 .7082 
Figure 79 (Continued) 
289 
C O D E  P E R M A N E N T  F I B E R  S E C A N T  U N I T  
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/IN LBS/IN2 LBS/IN2 IN-LB/ IN3 
OATS -  JUNE 28 
3005 
3010 
3015 
3020 
3025 
0.0058 
0.0045 
0.0052 
0.0045 
0,0042 
2574.0 
2936.2 
2704.7 
2300.0 
1680.5 
89425,  
110 567, 
101852,  
.93375,  
67667,  
3 .9847 
6.1357 
5.0697 
3.7780 
2.9170 
KENTUCKY BLUEGRASS -  JUNE 29 
3105 
3110 
3115 
3120 
3125 
0.0049 
0.0034 
0.0046 
0.0047 
0.0032 
22070.0 
13020.0 
15762.5 
12521.7 
8875.0 
798850.  
316825,  
264375.  
208675,  
163425,  
25.3225 
13.1095 
9.8920 
12.8300 
eU7357 
3205 
3210 
3215 
3220 
3225 
BROMEGRASS -  JULY 1 
0.0092 32540.0 976225.  
0.0062 16272.5 676750.  
0.0082 11840.0 499725.  
0.0043 8938.0 379375.  
0.0070 9113.7 384000.  
34.9750 
20.3575 
14.9325 
12.8725 
11.6912 
3305 
3310 
3315 
3320 
3325 
0.0057 
0.0050 
0.0042 
0.0039 
0 .0026  
OATS -  JULY 5 
'  5104.2 
2968.0 
3089.7 
2546.2 
2998.0 
189475.  
114382.  
120832.  
97710. 
131275. 
9.4490 
6. 1845 
5.8285 
4.3157 
6.0745 
8105 
8110  
8115 
8120 
8125 
0 .0101  
0.0057 
0.0042 
0.0039 
0 .0066  
ORCHARDGRASS 
7881.5 
6024.2 
5527.2 
5 071.7 
5607.0 
325025.  
2548-50. 
231550.  
216525.  
227475. 
10.4422 
8.5632 
7.1315 
_ 7 .5867 
8.2447 
Figure 79 (Continued) 
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C O D E  P E R M A N E N T  F I B E R  S E C A N T  U N I T  
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/ IN LRS/IM2 LBS/IN2 1N-LR/ IN3 
TALL FESCUE 
8205 
8210 
8215 
8220 
8225 
0 .0045 
0.0066  
0.0045 
0.0038 
0.0039 
10016.2 
7554.0 
8137.5 
4025.5  
5566.5  
369550.  
323400.  
310975,  
187050,  
225225.  
12.1367 
11.4620 
10.3172 
5 .3685 
7.4200 
8305 
8310 
8315 
8320 
8325 
0.0049 
0.0063 
0.0049 
0.0031 
0.0034 
MEADOW FOXTAIL 
7424.2  
4664.2  
3368.7  
2586.0 
2898.2  
283600.  
193775.  
138747.  
1 1 0 2 1 2 .  
121095.  
11.1425 
6.0097 
5.049 5 
4.2952 
4.6877 
8405 
8410 
8415 
8420 
8425 
CREEPING FOXTAIL 
0.0062 11099.2  468175.  
0 .0060 5774.7  215700,  
0.0060 5321.5 206275.  
0 .0042 4477.2 187300.  
0 .0032 2846.2 122682.  
15.2900 
8.4440 
7.7415 
7.4412 
4.8047 
8505 
8510 
8515 
8520 
8525 
0.0094 
0.0066 
0.0077 
0.0063 
0.0043 
BROMEGRASS 
26750.0  
6834.0  
9193.7  
6781.0 
4146.5  
759775.  
295300.  
391850.  
290625.  
176025.  
39 .0350 
11.2965 
14.3600 
10.8407 
6.4675 
8605 
0 6 1 0  
8615 
8620  
8625 
REED CANARYGRASS 
0.0073 10591.0 415250.  
0 .0072 7383.5 302925,  
0 .0068 7450.0 311100,  
0 .0057 4364.0 178840.  
0.0062 4886.2 210250.  
13.43 87 
10.9830 
7.9702 
6 .3925 
7.7912 
Figure 79 (Continued) 
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C O D E  P E R M A N E N T  F I B E R  S E C A N T  U N I T  
NUMBER STRAIN STRESS MODULUS ENERGY 
IN/ IN LBS/IN2 LBS/IN2 IN-LB/ IN3 
RED CLOVER 
8705 
8710 
8715 
8720 
8725 
0.0060 
0.0058 
0.0048,  
0 .0049 
0.0054 
12265.2 
4560.7 
3206.0 
2247.0 
1573.1 
355450,  
178175.  
125010.  
92312.  
60072.  
16.7550 
6.683 5 
4.9492 
3.3795 
2.7725 
Figure 79 (Continued) 
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APPENDIX C. PREDICTED AND MEASURED WAFER PROPERTIES 
I  DENT. GROSS DENSITIES IN THE DIE FINAL WAFER DENSITIES FINAL WAFER STRAINS 
PRE&! MEA^L ERROR PRE&? MEA&? ERROR PRE^? MEA^? ERROR 
LBS / F TJ LBS / F TJ PERCENT LBS / F T 3  LBS / F T ^  PERCENT PERCENT 
8105 74 .  12 71.  10 4 .24 46.16 36.  10 2 7 .86 -0  .096 1  .  390 -106.88 
8 110 81 . 2 5  78.42 3.60 41.96 2 8 .51 47.16 1  .  558 2 .254 -30.86 
81 15 H2 .96 8  1 . 1 7  2.21 36.28 23.  69 53.15 2 .40 2 3 .341 -2 8.10 
8 1 2 0  84 .38 8 1 .83 3.  1 1  29.74 14.  79 101.Ob 3 .  146 5 .595 -43.76 
8125 82 .04 81.38 0.81 22.32 12.71 75.58 3 .524 5 .  065 -30.42 
8205 73 .  55 70.  74 3 .98 3 8.98 31.97 2 1 . 9 3  1 .  367 1  .582 -13.58 
8210 8 0 .31 77.  51 3 .62 37.10 22.02 68.49 1  .586 2 .912 -45.55 
8215 81 .  93 8 1  .  38 0.68 28.49 16.  06 7 /  .  39 2 .970 3 .775 -21.34 
8220 83 .  8 5 83.  13 0 .  87 11.67 14.  51 -19.59 4 .  70 4 5 . 0 4 7  -6 .79 
8225 8 3 .  73 83.07 0.79 10.20 11.67 - 1 2 . 5 6  4 .781 5 .  345 -10.55 
8305 76 .  18 71.72 6.22 33.78 31.78 6.29 2 .  540 1  .67 1 51 .98 
8 310 3 1  .  63 7 8 .55 3.92 34.97 29.29 , 19.3 9 2 .489 2 .439 2.06 
8315 84 .09 8 1 .38 3.33 31.21 21.62 44.33 2 .817 3 .066 -8 .  1 1  
8320 84 .  9 0  8 3 . 2 4  1.  99 2 5 .88 17.10 5 1 . 3 3  3 .  150 4 .333 .  -27.31 
8325 8 3  .22 8 2 . 7 8  0.  54 19.84 1 8 . 2 6  3.65 3 .  525 3 .  974 -11.30 
8405 73 .  95 75.24 -1 .71 38.92 39.91 -2.47 1 .  526 i  .252 21.90 
8410 81 .  09 80.  84 0 .31 30.05 29.26 2.70 2 .581 2 .356 9.55 
8415 8 2  .68 82 .99 -0.33 2 5.48 26.77 -4.82 2 .  892 3 .002 -3.65 
8420 84 .  59 8 3 .  44 1 .38 19.12 14.  17 34.91 3 .6  66 4 .297 —14.68 
8425 84 .53 84.  63 -0 .12 10.83 11.15 - 2 . 8 8  4 .510 6 .712 -32.81 
8505 71 .41 74.  46 -4 .  10 55.  74 41.23 3 5.19 -1  .  191 1  .  147 -203.85 
8510 82 .45 80.  72 2 .14 34.26 26.  12 3 1 .17 2 .  284 2 .326 -1 .81 
8515 83 .23 82.32 1.10 33.29 2 6 . 0 9  2 7.60 2 .242 2 .  382 -5 .87 
8520 84 .37 83.  13 1 .49 22.51 13.  79 19.79 3 .  229 3 .  94 5 - IB.  14 
8525 8 4  .00 82.  68 1.60 9.  97 1 5 . 4 2  -35.34 4 .633 3 .999 15.84 
Figure 80. Predicted wafer strains and densities foJ? forages harvested at 
Albia with regression equations based on all maturity data 
I  DENT. GROSS DENSITIES IN THE DIE FINAL WAFER DENSITIES FINAL WAFER STRAINS 
Y Y Y Y € € 
PRE^Î  MEA^I  ERROR PRE^? MEA^? ERROR PRE^? MEAI? ERROR 
LBS/FT^ LBS/FT^ PERCENT LBS/FT^ LBS/FT^ PERCENT PERCENT 
8605 74. 4 1  74. 06 0. 47 3 8 .  97 39. 39 
-2 .30 1  .384 1. 243 11, 34 
0 6 1 0  80. 6 7 79. 24 1. SO 34. 98 28. 76 21 .62 2 .001 1. 986 0. 76 
8 6 1 5  81 .  67 81. 38 0. 6 0  28. 68 24. 00 19 .49 2 .768 2. 694 2. 73 
8 6 2 0  8 4 .  45 83. 54 1. 0 9  20. 34 14. 75 37 .88 3 .447 4. 356 -20. 86 
8 6 2 5  83. 64 83. 35 0. 35 15. 16 14. 49 4 .64 3 .923 5. 065 -22. 56 8705 71. 52 68. 67 4. 15 41. 72 49. 93 -16 .45 0 .785 0. 633 23. 97 3710 81. 3 2  81. 71 -0. 48 30. 94 51. 58 -24 .5 1 I  .809 0. 717 152. 32 8715 83. 70 64 .  74 -  1. 23 34. 14 49. 15 -30 .55 2 .  379 0. 787 202. 27 
8 7 2 0  84 .  64 84. 27 0. 44 26. 2 9  31 .  21 -15 .78 3 .  167 1 .  600 97. 94 8725 82. 46 83. 26 -0. 96 IB. 53 28. 33 -3 5 .07 3 .723 2. 132 74. 61 
Figure 80 (Continued) 
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IDENT. FINAL WAFER DENSITIES FINAL WAFER STRAINS 
PREI: ME^? ERROR PRE§? MES? ERROR 
LBS/FT^  LBS/FT3 PERCENT ^ PERCENT 
H105 46.76 36.  10 29.  54 0.090 1.390 -93.55 
8110 42.74 28.51 49.  91 2.006 2.254 -10.9)  
8115 37.24 23.69 57.  21 2.981 3.341 -10.77 
8120 31.25 14.  79 111.  2 7 3 .932 5.595 -29.73 
8125 24.43 12.71 92.  57 4.499 5.065 -11. ly  
8205 38.97 3 1.97 21.  89 1.317 1.582 —16.76 
8210 37.49 22.02 70.  27 1.697 2.912 -41.75 
8215 28.99 16.06 80.  50 3.284 3.  775 -13.01 
8220 12.65 14.  51 -12.  81 5.248 5.047 3.90 
8225 11.63 11.67 -0 .  33 5.445 5.345 1.87 
8305 33.64 31.78 5.  87 . 2 .298 1.671 37.55 
«310 34.66 2 9 .29 IS.  35 2.319 2-439 -4.92 
8315 30.92 21.62 43.  03 2.708 3.066 —11.66 
3320 25.70 17.  10 50.  30 3 .  103 4.333 -28.3d 
8325 19.98 18.26 9.  44 3.578 3.974 -9.96 
8405 36.96 39.91 -2 .  33 1.317 1.252 5.17 
8410 30.01 29.26 2 .  58 2.522 2.356 7.03 
8415 2 5.57 26.77 -4 .  47 2.904 3.002 -3.2d 
8420 19.53 14.  17 37.  81 3.825 4.2 97 -10.98 
8425 11.55 11.15 3 .  57 4.813 6.712 -28.2 9 
8505 55.73 41.23 35.  16 -1 .225 1.147 -206.83 
8510 34.54 26.12 32.  24 2.352 2.326 1.12 
8515 3 3 . 8  r  26.09 29.  60 2.413 2.302 1.29 
8520 23.28 18.79 23.  90 3.520 3.945 -10.77 
8525 11.09 15.42 -28.  06 5 .  101 3.999 27.56 
8605 39.04 39.89 -2 .  12 1.280 1.243 3.01 
8610 35.  17 28.76 22.  29 2.024 1.936 1.91 
8615 28.92 24.00 20.  49 2.914 2.694 8.15 
8620 20.93 14.  75 41.  88 3.724 4.356 -14.50 
8625 16.27 14.49 12.  30 4.362 5.065 -13.88 
Figure 8l. Predicted final wafer densities and strains 
for the grasses harvested at Albia with 
regression equations based on grass wafer 
data from the maturity experiment 
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IDENT. FINAL WAFER DENS ITIES FINAL WAFER STRAINS 
PREÈ? 
LBS/FT^ 
MEA^? 
LBS/FT^ 
ERROR 
PERCENT 
PRES? MEAI? ERROR 
PERCENT 
8705 
8710 
8 7 1 b  
8720 
8725 
34.66 
3 3 . 2 4  
2 9 . 6 2  
20.89 
10.74 
4 9 . 9 3  
BL.58 
49.15 
31.21 
2 8 . 5 3  
- 3 0 . 5 3  
- 3 5 . 5 6  
-39.73 
- 3 3 . 0 7  
- 6 2 . 3 5  
0 . 7 8 2  
1.12% 
1 . 3 1 8  
1 . 7 5 2  
2.135 
0 . 6 3 3  
0.717 
0 . 7 8 7  
1. 600 
2 . 1 3 2  
2 3 . 5 5  
5 7 . 3 2  
6 7 . 5 2  
9 . 4 7  
0.13 
Figure 82. Predicted final wafer densities and strains 
for red clover harvested at Albia with 
regression equations based on alfalfa wafer 
data from the maturity experiment 
